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1. ABSTRACT

Current anticancer therapy may be one of the most 
important exogenous sources of exposure to genotoxic 
agents in US, Japan, and Europe, where approximately 
40–55 percent of the population is diagnosed with cancer 
at a certain point in their life. This review focuses on recent 
efforts to integrate a novel biomarker, gamma-H2AX, 
into anticancer drug screening to classify the mode of 
action (MoA) for genotoxic outcome into clastogenicity 
and aneugenicity, a distinction that has considerable 
impact on risk assessment and control strategy. The 
emerging biomarker gamma-H2AX is applicable to high 
throughput assay platforms and is therefore changing in 
vitro mammalian genotoxicity screening from traditional 
positive/negative selection to MoA elucidation. Because 
gamma-H2AX is not only a sensitive biomarker for DNA 
double strand break but is also induced by apoptosis, the 
key for successful screening is using additional biomarkers 
of caspase-3  and/or phosphorylated histone H3 to 
discriminate between relevant and irrelevant elevation of 
gamma-H2AX. Establishment of a standard methodology 
and a consensus threshold for its positive criteria will further 
support the application of gamma-H2AX to drug screening.

2. INTRODUCTION

Genomic integrity is essential for organizing 
and maintaining multicellular eukaryotes. DNA itself, 
replication of DNA, and segregation of chromosomes 
are affected by various disturbing factors like 
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endogenous active metabolites, radiation, oxidative 
stress, and environmental chemicals. Activities that 
cause genetic alterations, such as DNA strand breaks, 
mutations, and structural and numerical aberrations of 
chromosomes, are known as genotoxicity that is relevant 
to carcinogenesis. Although millions of instances of DNA 
damage are generated in our bodies in daily life, exposure 
to artificial genotoxic agents from food additives, 
pesticides, cosmetic ingredients, pharmaceuticals, or 
pharmaceutical impurities are required to be strictly 
controlled.

An exception is cancer therapy. Cancer therapy 
using genotoxic anticancer drugs and radiation has 
been widely accepted because its therapeutic benefit is 
recognized to be superior to the genotoxic risk. Therapies 
with genotoxic agents cause DNA lesions in normal 
cells that increase the potential risk of therapy-related 
secondary malignant neoplasms (SMN). Patients who 
received chemotherapy with genotoxic topoisomerase 
II inhibitors for primary cancer had significantly shorter 
latency periods to SMN onset (1). Due to a striking 
increase in SMN after treatment with radioactive iodine 
therapy, the use of radiotherapy in the patient population 
with low-risk well-differentiated thyroid cancer is being 
reconsidered (2). As a result of improved survival rates 
and the continual aging of survivors, SMN in all cancer 
diagnosis increased from 9 percent in 1975-1979 to 19 
percent in 2005-2009 in the United States (3).
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Today, anticancer therapy may be one of the most 
important exogenous sources of exposure to genotoxic 
agents in US, Japan, and European countries, where 
approximately 40–55 percent of population is diagnosed 
with cancer at a certain point in their life (4-6). Patients 
used to accept the SMN risk for the sake of therapeutic 
benefit; however, pharmaceutical industries are trying 
to reduce the risk of SMN with new chemotherapeutics. 
In addition, the potential impact of genotoxic anticancer 
drugs on the environment is an emerging issue (7-12). It 
is increasingly important to understand the genotoxicity of 
anticancer drugs and to appropriately control therapeutic 
and environmental exposure to such agents.

This review focuses on recent efforts with the 
novel biomarker gamma-H2AX to identify the mode 
of action (MoA) for a positive genotoxic outcome in an 
in vitro screening for anticancer drug candidates and 
looks especially at how aneugens and clastogens are 
classified, which decides the control strategy for the 
compound. Aneugens cause genomic instability with 
numerical aberration of chromosomes via DNA replication 
stresses (13, 14). Clastogens cause structural aberrations 
of chromosomes, which potentially trigger mutations 
via repairing errors. I  describe the basic strategy for 
estimating the acceptable levels of exposure to DNA-
reactive clastogens and DNA-non-reactive aneugens, 
followed by a section on applying the recently emerging 
biomarker gamma-H2AX to discriminate the two activities.

3. IMPACT OF GENOTOXIC MODE OF ACTION 
(MoA) ON THE CONTROL OF EXPOSURE 
LEVELS

3.1. DNA-reactive MoA
It is important to elucidate the MoA of genotoxic 

compounds because it has considerable impact on the risk 
assessment and control strategy (15-19). The consensus 
that DNA-reactive genotoxic carcinogens have no safety 
threshold has a long history; the non-threshold model was 
proposed in 1949 and supported by the Biological Effects of 
Atomic Radiation committee of the US National Academy of 
Science in 1956 (20, 21). Accordingly, even a trace amount 
of exposure to genotoxic compounds is recognized as 
causing a finite risk (22, 23). The currently adopted control 
strategy for DNA-reactive genotoxic agents is based on the 
non-threshold consensus, generally known as the concept 
of threshold of toxicological concern (TTC) (24, 25). TTC 
was derived from linear dose-response approximations of 
numerous compounds, including genotoxic carcinogens, 
and is considered to reduce lifetime cancer risk to less 
than 1/100,000 (24-29).

Recent understanding of the mechanisms 
maintaining genomic integrity has raised a question related 
to the non-threshold model as to whether endogenous 
DNA repair systems can effectively erase some kinds 
of low-level DNA lesions. Mechanisms that prevent the 

accumulation of genetic lesions are known collectively as 
DNA damage response (DDR) and involve expansion of 
sensor signals for DNA damage, transduction to kinase 
cascades, and activation of cell cycle checkpoints. 
Various DNA-repairing systems are employed during cell 
cycle arrest (30), and extensive DNA damage that cannot 
be repaired induces apoptosis of the cells to eliminate the 
erroneous genetic information. Then, the fate of each cell 
to survive or die is determined by a central player, p53, 
and relevant signaling components in order to maintain 
genomic stability (31, 32).

The non-threshold model was challenged in 
2002 by non-linear dose-response results for the induction 
of carcinoma from vinyl acetate (33) and for the initiation 
of cancer from 2-amino-3,8-dimethylimidazo(4,5-f)
quinoxaline (34). More reliable evidence for the existence 
of a safety threshold for a DNA-reactive genotoxin was 
recently provided using ethyl methanesulfonate and 
is based on numerous experimental data that indicate 
a “hockey stick” dose-response curve of genotoxic 
endpoint, detailed kinetics of blood concentration, and 
molecular understanding of the damage and repair 
processes (35-41). Even though sufficient evidence 
has not been gathered yet, some compounds with a 
DNA-reactive MoA are now considered to have safety 
thresholds (19, 42).

However, it is quite difficult to estimate an 
acceptable level of exposure for each genotoxic 
anticancer drug, because the standard non-clinical safety 
test battery for anticancer drugs does not include animal 
carcinogenicity studies that can provide dose-response 
increases in cancer frequency, which would give 
pivotal understanding. It is also difficult to comprehend 
the relationship between SMN and exposure to each 
genotoxic drug from clinical data because cancer therapy 
is usually composed of various genotoxic agents. There 
are also the technical difficulties involved in detecting 
slight responses at very low dose ranges. Thus, the 
current control strategy based on the concept of non-
threshold using the generic virtual safe dose, TTC, has 
been widely accepted as a practical solution.

3.2. DNA non-reactive MoA
A genotoxic agent is considered to have a safety 

threshold if its MoA is DNA non-reactive (16, 43-45). 
This category includes agents with various types of 
pharmacological activity, including inhibition of DNA 
synthesis, production of reactive oxygen species, and 
inhibition of spindle function (46-48). Spindle inhibitory 
activity that causes numerical aberrations of 
chromosomes is known as aneugenicity and is the most 
common form of genomic instability in cancer cells (49). 
Aneugenicity causes birth defects, pregnancy wastage, 
and cancer (50). Anticancer drugs like taxanes and vinca 
alkaloids inhibit the assembly or disassembly of tubulin to 
induce aneuploidy cells.
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Acceptable levels of exposure to compounds 
that have a DNA non-reactive MoA can be established 
based on a calculation provided by the WHO in 
Environmental Health Criteria 170 (51). The no-observed 
effect level or the lowest-observed-effect level gained 
from pivotal animal studies can be the starting point, from 
which an acceptable level is derived after application of 
various modifying factors to adjust species difference 
between experimental animal and human, human 
individual difference, short study duration, severe toxicity, 
and conversion to no-effect level. The methodology is 
widely used for various regulations to protect humans 
from environmental chemical hazards.

4. GENOTOXICITY SCREENING FOR 
ANTICANCER DRUG CANDIDATES

4.1. In vitro micronucleus test (MNT)
A combination of the Ames test and an in vitro 

MNT includes all the essential endpoints for genotoxic 
activities, such as mutagenicity, clastogenicity, and 
aneugenicity (52). The combination is recognized as 
sufficiently predictive of in vivo genotoxic and carcinogenic 
activities (53) and has been widely used for the purpose of 
drug screening. The Ames test measures the elevation of 
bacterial mutation frequency induced by test compounds, 
and the MNT scores cells with micronuclei (MN), which 
are the result of structural or numerical chromosome 
aberrations generated in mammalian cells after treatment 
with test compounds. Activity that induces structural 
aberration of chromosomes is defined as clastogenicity, 
which is involved in both non-threshold and threshold 
MoA. The activity to induce numerical aberration of 
chromosome is defined as aneugenicity, which is 
involved in threshold MoA only. If a test compound is 
Amesnegative and MNT-positive, it is difficult to know 
whether the positive results suggest a mammal-specific 
non-threshold MoA or not.

Many canonical cytotoxic anticancer drugs target 
DNA itself and/or DNA replication factors, which tend to 
provide positive genotoxic results in any test system. 
Molecular target drugs, including kinase inhibitors, are 
often negative in the Ames test and positive in the in vitro 
MNT, only because kinase inhibitors tend to be specific to 
mammalian targets and inhibit off-target kinases including 
those functional in chromosomal segregation (54-56). 
Therefore, in vitro MNT is the pivotal assay in genotoxicity 
screening of molecular target anticancer drug candidates 
to date.

The methodology of an in vitro MNT has been 
well standardized (57) and is widely used to assess the 
genotoxicity of a range of chemicals (58). The endpoint 
of the MNT is the frequency of interphase cells with MN 
that are composed of chromosome fragments or whole 
chromosomes. The MN of a chromosomal fragment 
is generated by clastogens that break the DNA and 

chromosome, whereas the MN of a whole chromosome 
is generated by aneugens that induce mis-segregation of 
chromosomes into daughter cells (57, 58). The formation 
of MN by clastogens and aneugens is summarized 
in Figure 1. The MNT detects both clastogenic and 
aneugenic activity of test compounds (57-60).

4.2. MoA of anticancer drugs inducing MN
Variety of recent molecular target drug 

candidates for cancer therapy have aneugenic activity, 
e.g. inhibitors of HSP90 are aneugens, probably because 
its client proteins include microtubule-associated proteins 
that control chromosomal disjunction (61). Glycogen 
synthetase kinase inhibitors have an aneugenic MoA 
due to hypo-phosphorylation of client Aurola A kinase 
involved in spindle assembly and MAP4 involved in 
microtubule binding and stabilizing (62, 63). Several 
potential target kinases of anticancer drugs are also 
suggested to be involved in spindle dynamics (64-69). 
Therefore, aneugenicity has been a frequently observed 
genotoxic activity in anticancer drug screening.

Not only DNA-reactive but also DNA non-
reactive MoA — for example, production of reactive 
oxygen species or inhibition of DNA synthesis — induce 
chromosome breakage, so clastogenicity is caused by 
both DNA-reactive and DNA non-reactive MoA. However, 
aneugenicity is induced by DNA non-reactive MoA only. 
Therefore, it is important to know whether a compound 
that shows positive in the MNT is an aneugen or not. 
Significant increase of kinetochore/centromere-positive 
MN (MN+) has been accepted as definitive evidence 
of an aneugenic MoA. The kinetochore/centromere 
staining is not free from failure to some extent, which 
may cause slight to moderate increase of kinetochore/
centromere-negative MN (MN-), even after treatment 
with a pure aneugen. Empirically, the percentage of MN+ 
is less than 30 percent in cultured human lymphocytes 
and increases to 50 – 90 percent after treatment with 
aneugens (70). Thus, it is often difficult to assert that a 
clastogenic MoA is not involved in the positive response 
seen in the assay. Data sets for the presence of an 
aneugenic MoA and the lack of a clastogenic MoA are 
both required to support that the test compound is a pure 
aneugen and has a safety threshold. A  negative result 
from a chromosomal aberration test is strong evidence 
for lack of clastogenicity. However, preparing the entire 
data set is too great a workload for the purposes of drug 
screening.

4.3. Traditional biomarker for aneugenicity
How to distinguish aneugens from clastogens 

in the MNT has been discussed at length. Matsuoka 
et al (71) proposed that the frequency of polynuclear or 
mitotic cells in an in vitro MNT was a good biomarker 
for classifying aneugens and clastogens. Increase in 
multinucleated cells in an in vitro MNT was reported as 
a potential indicator of an aneugenic MoA (72). One of 
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the standard protocols for in vitro MNT (57) includes 
treatment with cytochalasin B that blocks cell division. 
Cytochalasin B produces binuclear cells that undergo cell 
cycle after exposure to test chemicals and are therefore 
considered suitable for analyzing MN cells. Rosefort 
et al examined both binuclear and mononuclear cells for 
MN and found that aneugens increased MN in binuclear 
and mononuclear cells, while clastogens increased in 
binuclear cells only (73). Hashimoto et al (74) observed 
that aneugens induced larger MN than clastogens, which 
was proposed as a useful index to classify aneugens and 
clastogens. All these proposals are useful to suggest 
involvement of aneugenicity with lack of clastogenicity.

5. EMERGING BIOMARKER FOR DNA 
DAMAGE, GAMMA-H2AX

5.1. Gamma-H2AX
A new surrogate marker for DNA damage, 

gamma-H2AX, could provide helpful information of a 
genotoxic MoA. Gamma-H2AX is a phosphorylated form 
of histone protein. Histone core proteins, H2A, H2B, H3 
and H4, compose an octamer with two of each subunit 
to form a basic subunit of chromatin structure that 
supports 140 bp DNA, and these proteins receive various 
chemical modifications like phosphorylation, methylation, 
acetylation, and ubiquitination, some of which 
participate in DDR and its consequent DNA-repairing 
processes (75-78). A member of the H2A histone protein 
family is H2AX, which includes an additional SQRY motif 
at the c-terminal domain (79).

H2AX was found to be an important component 
of DDR, especially in sensing and repairing DNA 
double strand breaks (DSB) (80). Gamma-H2AX, a 

phosphorylated form of H2AX at serine 139  (81), is a 
binding interface of the DSB-repairing components (82). 
A DSB is sensed by the Mre11, Rad50, and Nbs1 complex 
(MRN complex), the MRN complex phosphorylates ATM, 
activated ATM phosphorylates H2AX into gamma-H2AX, 
gamma-H2AX recruits the MRN complex, MRN complex 
amplifies gamma-H2AX to more than 2 Mbp in the 
chromatin region around a DSB locus, which then forms 
a microscopically visible focus under immunofluorescent 
staining with an anti-gamma-H2AX antibody (81, 83-89).

The number of gamma-H2AX foci is considered 
to be a surrogate marker for the extent of DNA damage 
because it is in proportion to the exposure levels of the 
cells to ionizing radiation (90). Not only DSB but also single 
strand breaks after treatment with UV irradiation (91), 
camptothecin (92), and reactive oxygen species (93) 
induce gamma-H2AX in the process of repairing DNA 
lesions. Gamma-H2AX is a universal biomarker for a 
wide range of DNA damage (94).

Various experimental platforms are available 
for detecting gamma-H2AX: flow cytometry, microscopic 
focus counting, and immunoblotting (95). Microscopic 
scoring of gamma-H2AX foci in each cell and 
measurement of the fluorescence corresponding to 
gamma-H2AX in flow cytometry have been the gold 
standards during this decade, though higher throughput 
and/or automated methods have been proposed 
recently (96-100). It is interesting that the morphology 
of gamma-H2AX induced by DNA lesions differs from 
that induced by apoptosis. When apoptotic cells are 
immunostained with anti-gamma-H2AX antibody, pan-
nuclear staining is seen, not gamma-H2AX foci (101). 
It is known that pan-nuclear gamma-H2AX exhibits a 

Figure 1. Mode of action for induction of micronuclei, clastogenic and aneugenic pathways.
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higher level of fluorescence than gamma-H2AX foci 
under immunofluorescent staining (102).

5.2. Mechanism to induce focal and  
pan-nuclear gamma-H2AX

It has not been elucidated how the focal and 
pan-nucleic phosphorylation of H2AX are determined 
after treatment with clastogens and aneugens. Pathways 
currently recognized to be relevant to the different 
morphology of gamma-H2AX are summarized in Figure 2. 
Gamma-H2AX foci were formed very quickly within three 
minutes after gamma-radiation in cancer cells (83). In the 
early stage of DDR, microcephalin (MCPH1/BRIT1) binds 
to doubly phosphorylated H2AX at S139 and tyrosine 142 
(Y142) that has been constitutively phosphorylated (103). 
MCPH1 relaxes the regional chromatin structure around 
DNA lesions (104).

The status of phosphorylation of Y142 
determines whether the cell’s fate is survival or 
apoptosis (103). Phosphorylated forms of S139 and Y142 
were seen after radiation; more than 8 hours later, Y142 
was greatly dephosphorylated, and S139 was still highly 
phosphorylated (105). The developmentally regulated 
transcriptional co-factor Eya is a tyrosine phosphatase (106) 
that is recruited in response to DDR, is co-localized with 
gamma-H2AX foci, interacts with H2AX only when S139 
is phosphorylated, and dephosphorylates Y142 after 
exposure to ionizing radiation (103). The mediator of 
DNA damage checkpoint protein 1 (MDC1), which cannot 
bind to S139 when H2AX is doubly phosphorylated at 

S139 and Y142  (107), directly binds to phosphorylated 
S139 after dephosphorylation on Y142 and recruits DNA-
repairing components such as 53BP1, BRCA1, and MRN 
complex (108, 109). Therefore dephosphorylation of 
Y142 is necessary for the recruitment of these repairing 
factors (103). Because the DNA damage repairing process 
is a response to DNA errors, focal gamma-H2AX can be 
understood as a marker for genotoxic risk potential.

When Y142 keeps its phosphorylated form after 
exposure to clastogens, MDC1 does not coordinate its key 
function of recruiting DNA-repairing factors (103, 107). 
H2AX that is doubly phosphorylated at S139 and Y142 
binds Fe65 instead of MDC1 (103). Fe65 is an adaptor 
protein with specific domains interacting with a range of 
proteins to form functional complexes of the proteins (110). 
During DDR generated by gamma-irradiation, Fe65 was 
suggested to bind and activate c-Jun N-terminal kinase 
(JNK) (103), which is also activated by aneugens. 
Spindle inhibitors, such as paclitaxel and vinblastine, are 
aneugens causing cell cycle arrest that trigger activated 
JNK (111, 112).

The JNK family of MAP kinases initiates the 
signaling cascade of apoptosis in the death receptor-
mediated extrinsic pathway and the mitochondrial 
intrinsic one (113). The active form of JNK causes the 
release of mitochondrial cytochrome c into cytoplasm 
to activate caspase-3  (114) that triggers the apoptotic 
cascade including pan-nuclear phosphorylation of H2AX 
at S139  (103, 115). DNA fragmentation in apoptosis 

Figure 2. Formation of focal and pan-nuclear gamma-H2AX after exposure to clastogen or aneugen. 
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induces phosphorylation of S139  (116). A  detailed 
observation of the kinetics of gamma-H2AX in apoptosis 
indicated that the phosphorylation was initiated at the 
periphery of the nucleus to form a gamma-H2AX ring that 
finally resulted in pan-nucleic staining with anti-gamma-
H2AX antibody (94, 117).

In the context summarized in Figure 2, pan-
nuclear gamma-H2AX suggests that the apoptosis 
cascade is running in the cells triggered either by 
irreparable DNA damage by clastogens or by cell cycle 
arrest with aneugens. Pan-nuclear gamma-H2AX is a 
biomarker for dying cells; therefore it can be recognized 
as irrelevant to human risk.

5.3. Gamma-H2AX for classification of 
clastogens and aneugens

We first proposed the use of gamma-
H2AX to classify clastogens and aneugens, and the 
influence of apoptosis at the International Conference 
on Environmental Mutagenesis in 2009  (118, 119). 
Reference compounds of 6 aneugens, 8 clastogens, and 
10 cytotoxicants without genotoxicity were examined 
for induction of gamma-H2AX in CHL, CHO, and V79 
cell lines. The result in cell ELISA was that none of 
the aneugens elevated gamma-H2AX while all the 
clastogens increased gamma-H2AX in a concentration-
dependent manner, which supports the use of gamma-
H2AX to classify clastogens from aneugens (96). 
However, the amount of gamma-H2AX did not decrease 
in parallel with cytotoxicity after treatment with aneugens, 
whereas the decreases in gamma-H2AX and survival 
cells correlated after treatment with cytotoxic compounds 
without genotoxicity (96). It is considered that the amount 
of gamma-H2AX after treatment with aneugens was 
affected by apoptotic gamma-H2AX in the cell ELISA, 
though the study indicated the potential use of gamma-
H2AX to classify clastogens and aneugens.

Extensive DNA damage that cannot be repaired 
induces apoptosis to eliminate erroneous genetic 
information. The protective system with the central player 
p53 and relevant signaling components determines the 
fate of each cell with DNA lesions to survive or die (31, 32). 
Clastogens are therefore potent inducers of apoptosis, 
which in turn induces gamma-H2AX (117). A study using 
inhibitors and knockout mutant cells exposed to UVA 
indicated that JNK phosphorylated H2AX at Ser139, 
thereby regulating DNA degradation via the caspase-3/
CAD pathway (114). Gamma-H2AX was induced in Jurkat 
cells after treatment with anti-Fas antibody when apoptotic 
fragmentation of DNA occurred (117). The presence of 
the anti-Fas monoclonal antibody, which is not genotoxic, 
suggested that gamma-H2AX was formed in the process 
of apoptosis, irrespective of DNA damage.

In an in vivo environment, apoptotic cells 
externalize “eat me” signal molecules, probably 

phosphatidylserine, amino sugars, intercellular adhesion 
molecule-3, or calreticulin, to the cell surface and are 
quickly engulfed by macrophages (120). Because 
there was no system to exclude apoptotic cells from 
culture wells, we observed gamma-H2AX that derived 
from a mixture of apoptosis and DNA damage in the 
in vitro screening systems. Therefore, the technology 
to distinguish between apoptosis-derived and DNA 
damage–derived gamma-H2AX was key for applying 
gamma-H2AX to the classification of aneugens and 
clastogens.

Harada et al (121) added caspase-3 staining 
in the in vitro gamma-H2AX assay with human 
lymphoblastoid TK6  cells to further classify gamma-
H2AX-positive (gamma-H2AX+) cells into caspase-3-
positive (gamma-H2AX+/caspase-3+) for apoptosis 
and caspase-3-negative (gamma-H2AX+/caspase-3-) 
for DNA-damaged populations. The two clastogens, 
mitomycin C and etoposide, caused a significant increase 
of gamma H2AX+/caspase-3- cells but did not increase 
gamma-H2AX+/caspase-3+ cells significantly. The two 
aneugens, vinblastine and paclitaxel, both increased 
gamma-H2AX+/caspase-3+ cells corresponding to the 
increase in apoptosis, and slightly increased gamma-
H2AX+/caspase-3-  cells. The results indicated that the 
aneugens predominantly induced apoptotic gamma-
H2AX while the clastogens mainly induced non-apoptotic 
gamma-H2AX under the test condition of 24 hours 
treatment in the study. The contribution of apoptosis to 
the generation of gamma-H2AX was different between 
clastogens and aneugens, suggesting that concurrent 
staining with a biomarker for apoptosis could be a solution 
to the problem.

5.4. High throughput screening with 
gamma-H2AX

Bryce et al (122) have proposed a series of 
biomarkers — gamma-H2AX, phosphorylated histone 
H3 (pH3), ATP, and polyploidy — as simplified endpoints 
to understand the MoA involved in positive responses 
from in vitro MN tests with TK6 cells. The biomarkers 
were sought based on well-designed experiments with 
12 biological endpoints, including gamma-H2AX and 
caspase-3. The endpoints were measured after cells 
had been treated with a testing set of 10 chemicals 
(clastogens, aneugens, or non-genotoxic cytotoxicants) 
to identify the biomarkers essential for classifying a 
MoA. A  combination of the identified biomarkers was 
examined using another testing set of 10 chemicals 
(6 clastogens, three aneugens, and one cytotoxicant). 
The results suggested that gamma-H2AX is particularly 
effective for measuring clastogenicity and that pH3, 
an M phase marker, is a reliable biomarker for 
aneugenicity. A collaborative study with the clastogenic 
etoposide, the aneugenic noscapine, and the cytotoxic 
tunicamycin also suggested that pH3 is a helpful marker 
for aneugens (123). The usefulness of a combined 
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assessment with gamma-H2AX and pH3 has been 
further supported by a later study (100).

In the above studies, caspase 3 was examined 
as an apoptosis marker but was concluded to be less 
effective than other endpoints (122). Instead, pH3 and 
polyploidy were recognized as good biomarkers for 
an aneugenic MoA (100, 122, 123). Because those 
studies attempted to classify clastogens, aneugens, and 
cytotoxicants using a test set that included apoptosis 
inducers like an anti-FAS antibody, tunicamycin (124), 
tributyltin (125) and caffeine (126) within the reference 
cytotoxicants, it is reasonable that caspase 3 was not 
useful for classifying into the three categories. Aneugens 
often cause cell cycle arrest at M-phase that can be 
identified by the pH3 biomarker, and thus pH3 is a good 
indicator for an aneugenic MoA.

Additional information provided by caspase-3 
may still be useful for minimizing results of a screening 
that are misleading because some kinase inhibitor 
aneugens have no M-phase arresting activity and a 
low level of DSB may increase polyploidy. Checkpoint 
functions in the cell cycle were previously suggested 
to be incomplete (14, 127). Although BubR1 kinase 
is a central factor of spindle assembly checkpoint that 
protects from aneuploidy (128), this checkpoint can be 
bypassed before repairing small number DNA lesions, 
such as those with less than 20 DSB, probably because 
such slight DNA lesions did not activate BubR1 (14). The 
incomplete function of cell cycle arrest allows low level 
DNA damage to remain unrepaired during the transition 
to M phase, causes frailer cytokinesis, and results in 
polyploidy in the majority of cells (14). This suggests that, 
although increased polyploidy or pH3 are often seen 
after treatment with aneugens and are indicative of an 
aneugenic MOA, they may not be specific biomarkers for 
an aneugenic MoA.

6. DISCUSSION

Since 2005 when the comprehensive analysis 
of accumulated animal carcinogenicity and in vitro 
genotoxicity data revealed that the chromosomal 
aberration test had very low negative predictive values of 
44.9. percent (only 61 negative in 136 non-carcinogenic 
compounds (129)), efforts have been made to reduce this 
unacceptably high rate of false positives. The methods 
known to be effective in decreasing misleading false 
positives are reduction of the maximum test concentration 
and selection of p53-functional cells to mitigate apoptotic 
influence (130-133). When 25 compounds were 
retrospectively re-evaluated for false-positive results in 
2016 at lower concentration ranges, 12 compounds were 
found to be negative (134). These efforts have improved 
regulatory science.

However, it is questionable whether an assay 
can be accepted for use as a risk assessment or 

hazard identification tool based on higher concordance 
between in vitro genotoxicity assays and in vivo 
carcinogenicity tests. Accelerated cell proliferation, 
immunosuppression, and endocrine disruption are 
recognized as other plausible causes of carcinogenesis; 
therefore, as genotoxicity is not the sole reason for 
positive carcinogenicity in animal studies, the predictive 
power of any genotoxicity test cannot be very high. The 
fact that many animal cancers seen in carcinogenicity 
studies are not relevant to human risk may suggest the 
limited importance of predicting animal carcinogenicity 
from in vitro genotoxicity. Therefore, the most important 
part of an in vitro genotoxicity assessment for cancer 
risk in human is understanding the MoA and considering 
human relevance. Though the Ames test has had an 
indisputable impact on in vitro assessment, cytogenetic 
assays providing information on the MoA are also an 
important source of information.

The biomarker gamma-H2AX is changing in vitro 
mammalian genotoxicity screening from the traditional 
positive/negative selection to MoA elucidation. We can use 
various assay formats, including microscopic observation, 
flow cytometry, and automated image analysis, with 
various biomarkers of cell cycle and apoptosis, and 
convenient assay kits are commercially available. 
However, a standard methodology for the gamma-H2AX 
assay and a consensus threshold for positive criteria have 
not been established yet. At present, the most reliable 
classification of apoptotic and non-apoptotic induction of 
gamma-H2AX may be morphological discrimination by 
microscopy. Integrating caspase 3  and/or pH3 into the 
gamma-H2AX assay would provide reliable support for 
understanding the MoA, but is subject to the following 
two provisos: because induction of caspase 3 does not 
completely correlate with apoptotic phosphorylation 
of H2AX, a consensus on the criterion for irrelevant 
elevation of gamma-H2AX is needed; and because 
pH3 is not always indicative of an aneugenic MoA, a 
consensus on how to interpret low or no elevation of pH3 
is needed. Achieving consensus on these considerations 
requires an interlaboratory validation study with standard 
reference compounds for clastogenicity, aneugenicity and 
cytotoxicity. A validation study of this nature would enable 
regulatory schemes to be established for using the new 
assay results for MoA-based risk assessment.

7. REFERENCES

1.	 K. Takeyama, M. Seto, N. Uike, N. Hamajima, 
T. Ino, C. Mikuni, T. Kobayashi, A. Maruta, Y. 
Muto, N. Maseki, H. Sakamaki, H. Saitoh, M. 
Shimoyama and R. Ueda: Therapy-related 
leukemia and myelodysplastic syndrome: a 
large-scale Japanese study of clinical and 
cytogenetic features as well as prognostic 
factors. Int J Hematol, 71(2), 144-52 (2000)
doi not found



Chromosomal aberrations, clastogens vs aneugens 

	 8� © 1996-2017

2.	 N. G. Iyer, L. G. Morris, R. M. Tuttle, A. R. 
Shaha and I. Ganly: Rising incidence of second 
cancers in patients with low-risk (T1N0) 
thyroid cancer who receive radioactive iodine 
therapy. Cancer, 117(19), 4439-46 (2011)
DOI: 10.1002/cncr.26070

3.	 L. M. Morton, K. Onel, R. E. Curtis, E. A. 
Hungate and G. T. Armstrong: The rising 
incidence of second cancers: patterns of 
occurrence and identification of risk factors for 
children and adults. Am Soc Clin Oncol Educ 
Book, e57-67 (2014)
DOI: 10.14694/EdBook_AM.2014.34.e57

4.	 A. S. Ahmad, N. Ormiston-Smith and P. D. 
Sasieni: Trends in the lifetime risk of developing 
cancer in Great Britain: comparison of risk for 
those born from 1930 to 1960. Br J Cancer, 
112(5), 943-7 (2015)
DOI: 10.1038/bjc.2014.606

5.	 R. L. Siegel, K. D. Miller and A. Jemal: Cancer 
statistics, 2015. CA Cancer J Clin, 65(1), 
5-29 (2015)
DOI: 10.3322/caac.21254

6.	 C. f. C. C. a. I. S. National Cancer Center: 
Monitoring of Cancer Incidence in Japan, 
MCIJ2011 (2015)
doi not found

7.	 H. J. Hamlin and L. J. Guillette, Jr.: Birth 
defects in wildlife: the role of environmental 
contaminants as inducers of reproductive and 
developmental dysfunction. Syst Biol Reprod 
Med, 56(2), 113-21 (2010)
DOI: 10.3109/19396360903244598

8.	 P. D. Hebert and M. M. Luiker: Genetic 
effects of contaminant exposure--towards an 
assessment of impacts on animal populations. 
Sci Total Environ, 191(1-2), 23-58 (1996)
DOI: 10.1016/0048-9697(96)05169-8

9.	 M. H. Medina, J. A. Correa and C. Barata: 
Micro-evolution due to pollution: possible 
consequences for ecosystem responses 
to toxic stress. Chemosphere, 67(11), 
2105-14 (2007)
DOI: 10.1016/j.chemosphere.2006.12.024

10.	 J. P. Besse, J. F. Latour and J. Garric: 
Anticancer drugs in surface waters: what 
can we say about the occurrence and 
environmental significance of cytotoxic, 
cytostatic and endocrine therapy drugs? 
Environ Int, 39(1), 73-86 (2012)

DOI: 10.1016/j.envint.2011.10.002
11.	 V. Booker, C. Halsall, N. Llewellyn, A. Johnson 

and R. Williams: Prioritising anticancer 
drugs for environmental monitoring and risk 
assessment purposes. Sci Total Environ, 
473-474, 159-70 (2014)
DOI: 10.1016/j.scitotenv.2013.11.145

12.	 M. Misik, T. H. Ma, A. Nersesyan, S. Monarca, 
J. K. Kim and S. Knasmueller: Micronucleus 
assays with Tradescantia pollen tetrads: an 
update. Mutagenesis, 26(1), 215-21 (2011)
DOI: 10.1093/mutage/geq080

13.	 M. Giam and G. Rancati: Aneuploidy and 
chromosomal instability in cancer: a jackpot 
to chaos. Cell Div, 10, 3 (2015)
DOI: 10.1186/s13008-015-0009-7

14.	 Y. Ichijima, K. Yoshioka, Y. Yoshioka, K. 
Shinohe, H. Fujimori, J. Unno, M. Takagi, H. 
Goto, M. Inagaki, S. Mizutani and H. Teraoka: 
DNA lesions induced by replication stress 
trigger mitotic aberration and tetraploidy 
development. PLoS One, 5(1), e8821 (2010)
doi not found

15.	 H. M. Bolt and G. H. Degen: Human 
carcinogenic risk evaluation, part  II: 
contributions of the EUROTOX specialty 
section for carcinogenesis. Toxicol Sci, 81(1), 
3-6 (2004)
DOI: 10.1093/toxsci/kfh178

16.	 H. M. Bolt, H. Foth, J. G. Hengstler and G. 
H. Degen: Carcinogenicity categorization of 
chemicals-new aspects to be considered in 
a European perspective. Toxicol Lett, 151(1), 
29-41 (2004)
DOI: 10.1016/j.toxlet.2004.04.004

17.	 H. G. Neumann: Risk assessment of chemical 
carcinogens and thresholds. Crit Rev Toxicol, 
39(6), 449-61 (2009)
DOI: 10.1080/10408440902810329

18.	 L. G. Hernandez, J. van Benthem and G. E. 
Johnson: A  mode-of-action approach for the 
identification of genotoxic carcinogens. PLoS 
One, 8(5), e64532 (2013)
DOI: 10.1371/journal.pone.0064532

19.	 J. T. MacGregor, R. Frotschl, P. A. White, K. 
S. Crump, D. A. Eastmond, S. Fukushima, 
M. Guerard, M. Hayashi, L. G. Soeteman-
Hernandez, G. E. Johnson, T. Kasamatsu, D. 
D. Levy, T. Morita, L. Muller, R. Schoeny, M. 
J. Schuler and V. Thybaud: IWGT report on 

http://dx.doi.org/10.1002/cncr.26070
http://dx.doi.org/10.14694/EdBook_AM.2014.34.e57
http://dx.doi.org/10.1038/bjc.2014.606
http://dx.doi.org/10.3322/caac.21254
http://dx.doi.org/10.3109/19396360903244598
http://dx.doi.org/10.1016/0048-9697%2896%2905169-8
http://dx.doi.org/10.1016/j.chemosphere.2006.12.024
http://dx.doi.org/10.1016/j.envint.2011.10.002
http://dx.doi.org/10.1016/j.scitotenv.2013.11.145
http://dx.doi.org/10.1093/mutage/geq080
http://dx.doi.org/10.1186/s13008-015-0009-7
http://dx.doi.org/10.1093/toxsci/kfh178
http://dx.doi.org/10.1016/j.toxlet.2004.04.004
http://dx.doi.org/10.1080/10408440902810329
http://dx.doi.org/10.1371/journal.pone.0064532


Chromosomal aberrations, clastogens vs aneugens

	 9� © 1996-2017

quantitative approaches to genotoxicity risk 
assessment II. Use of point-of-departure (PoD) 
metrics in defining acceptable exposure limits 
and assessing human risk. Mutat Res Genet 
Toxicol Environ Mutagen, 783, 66-78 (2015)
DOI: 10.1016/j.mrgentox.2014.10.008

20.	 E. J. Calabrese: Cancer risk assessment 
foundation unraveling: new historical evidence 
reveals that the US National Academy of 
Sciences (US NAS), Biological Effects of 
Atomic Radiation (BEAR) Committee Genetics 
Panel falsified the research record to promote 
acceptance of the LNT. Arch Toxicol, 89(4), 
649-50 (2015)
DOI: 10.1007/s00204-015-1455-3

21.	 S. Sutou: Tremendous Human, Social, 
and Economic Losses Caused by 
ObstinateApplication of the Failed Linear 
No-threshold Model. YAKUGAKU ZASSHI, 
135(11), 1197-1211 (2015)
DOI: 10.1248/yakushi.15-00188

22.	 L. Tomatis, J. Huff, I. Hertz-Picciotto, D. P. 
Sandler, J. Bucher, P. Boffetta, O. Axelson, A. 
Blair, J. Taylor, L. Stayner and J. C. Barrett: 
Avoided and avoidable risks of cancer. 
Carcinogenesis, 18(1), 97-105 (1997)
DOI: 10.1093/carcin/18.1.97

23.	 R. Preussmann: The problem of thresholds 
in chemical carcinogenesis some views on 
theoretical and practical aspects. J  Cancer 
Res Clin Oncol, 97(1), 1-14 (1980)
DOI: 10.1007/BF00411273

24.	 U. EPA: Guidelines for Cancer Risk 
Assessment. In, (2005)
doi not found

25.	 S. Barrow: Threshold of toxicological concerm 
(TTC): A  tool for assessing substances of 
unknown toxicity present at low levels in the 
diet. (2005)
doi not found

26.	 I. C. Munro, R. A. Ford, E. Kennepohl and J. 
G. Sprenger: Correlation of structural class 
with no-observed-effect levels: a proposal 
for establishing a threshold of concern. Food 
Chem Toxicol, 34(9), 829-67 (1996)
DOI: 10.1016/S0278-6915(96)00049-X

27.	 I. C. Munro, E. Kennepohl and R. Kroes: 
A  procedure for the safety evaluation of 
flavouring substances. Joint FAO/WHO 
Expert Committee on Food Additives. Food 

Chem Toxicol, 37(2-3), 207-32 (1999)
DOI: 10.1016/S0278-6915(98)00112-4

28.	 R. Kroes, C. Galli, I. Munro, B. Schilter, L. 
Tran, R. Walker and G. Wurtzen: Threshold of 
toxicological concern for chemical substances 
present in the diet: a practical tool for 
assessing the need for toxicity testing. Food 
Chem Toxicol, 38(2-3), 255-312 (2000)
DOI: 10.1016/S0278-6915(99)00120-9

29.	 R. Kroes, J. Kleiner and A. Renwick: The 
threshold of toxicological concern concept 
in risk assessment. Toxicol Sci, 86(2), 
226-30 (2005)
DOI: 10.1093/toxsci/kfi169

30.	 J. H. Hoeijmakers: Genome maintenance 
mechanisms for preventing cancer. Nature, 
411(6835), 366-74 (2001)
DOI: 10.1038/35077232

31.	 M. R. Junttila and G. I. Evan: p53--a Jack of 
all trades but master of none. Nat Rev Cancer, 
9(11), 821-9 (2009)
DOI: 10.1038/nrc2728

32.	 A. J. Levine and M. Oren: The first 30 years 
of p53: growing ever more complex. Nat Rev 
Cancer, 9(10), 749-58 (2009)
DOI: 10.1038/nrc2723

33.	 J. G. Hengstler, M. S. Bogdanffy, H. M. Bolt 
and F. Oesch: Challenging dogma: thresholds 
for genotoxic carcinogens? The case of vinyl 
acetate. Annu Rev Pharmacol Toxicol, 43, 
485-520 (2003)
DOI: 10.1146/annurev.
pharmtox.43.100901.140219

34.	 S. Fukushima, H. Wanibuchi, K. Morimura, 
M. Wei, D. Nakae, Y. Konishi, H. Tsuda, N. 
Takasuka, K. Imaida, T. Shirai, M. Tatematsu, 
T. Tsukamoto, M. Hirose and F. Furukawa: 
Lack of initiation activity in rat liver of low 
doses of 2-amino-3,8-dimethylimidazo(4,5-f)
quinoxaline. Cancer Lett, 191(1), 35-40 (2003)
DOI: 10.1016/S0304-3835(02)00631-6

35.	 E. Gocke and M. Wall: In vivo genotoxicity 
of EMS: statistical assessment of the dose 
response curves. Toxicol Lett, 190(3), 
298-302 (2009)
DOI: 10.1016/j.toxlet.2009.03.008

36.	 L. Muller and T. Singer: EMS in Viracept--the 
course of events in 2007 and 2008 from the 
non-clinical safety point of view. Toxicol Lett, 
190(3), 243-7 (2009)

http://dx.doi.org/10.1016/j.mrgentox.2014.10.008
http://dx.doi.org/10.1007/s00204-015-1455-3
http://dx.doi.org/10.1248/yakushi.15-00188
http://dx.doi.org/10.1093/carcin/18.1.97
http://dx.doi.org/10.1007/BF00411273
http://dx.doi.org/10.1016/S0278-6915%2896%2900049-X
http://dx.doi.org/10.1016/S0278-6915%2898%2900112-4
http://dx.doi.org/10.1016/S0278-6915%2899%2900120-9
http://dx.doi.org/10.1093/toxsci/kfi169
http://dx.doi.org/10.1038/35077232
http://dx.doi.org/10.1038/nrc2728
http://dx.doi.org/10.1038/nrc2723
http://dx.doi.org/10.1146/annurev.pharmtox.43.100901.140219
http://dx.doi.org/10.1146/annurev.pharmtox.43.100901.140219
http://dx.doi.org/10.1016/S0304-3835%2802%2900631-6
http://dx.doi.org/10.1016/j.toxlet.2009.03.008


Chromosomal aberrations, clastogens vs aneugens 

	 10� © 1996-2017

DOI: 10.1016/j.toxlet.2009.02.005
37.	 W. K. Lutz: The Viracept (nelfinavir)--

ethyl methanesulfonate case: a threshold 
risk assessment for human exposure to a 
genotoxic drug contamination? Toxicol Lett, 
190(3), 239-42 (2009)
DOI: 10.1016/j.toxlet.2009.07.032

38.	 T. Lave, A. Paehler, H. P. Grimm, E. Gocke and 
L. Muller: Modelling of patient EMS exposure: 
translating pharmacokinetics of EMS in vitro 
and in animals into patients. Toxicol Lett, 
190(3), 310-6 (2009)
DOI: 10.1016/j.toxlet.2009.07.031

39.	 L. Muller, E. Gocke, T. Lave and T. Pfister: 
Ethyl methanesulfonate toxicity in Viracept--a 
comprehensive human risk assessment 
based on threshold data for genotoxicity. 
Toxicol Lett, 190(3), 317-29  (2009) doi not 
found
DOI: 10.1016/j.toxlet.2009.04.003

40.	 T. Lave, H. Birnbock, A. Gotschi, T. Ramp and 
A. Pahler: In vivo and in vitro characterization 
of ethyl methanesulfonate pharmacokinetics 
in animals and in human. Toxicol Lett, 190(3), 
303-9 (2009)
DOI: 10.1016/j.toxlet.2009.07.030

41.	 T. Pfister and A. Eichinger-Chapelon: General 
4-week toxicity study with EMS in the rat. 
Toxicol Lett, 190(3), 271-85 (2009)
DOI: 10.1016/j.toxlet.2009.04.031

42.	 A. D. Thomas, J. Fahrer, G. E. Johnson 
and B. Kaina: Theoretical considerations for 
thresholds in chemical carcinogenesis. Mutat 
Res Rev Mutat Res, 765, 56-67 (2015)
DOI: 10.1016/j.mrrev.2015.05.001

43.	 A. Elhajouji, M. Lukamowicz, Z. Cammerer 
and M. Kirsch-Volders: Potential thresholds 
for genotoxic effects by micronucleus scoring. 
Mutagenesis, 26(1), 199-204 (2011)
DOI: 10.1093/mutage/geq089

44.	 A. Lynch, J. Harvey, M. Aylott, E. Nicholas, 
M. Burman, A. Siddiqui, S. Walker and R. 
Rees: Investigations into the concept of 
a threshold for topoisomerase inhibitor-
induced clastogenicity. Mutagenesis, 18(4), 
345-53 (2003)
DOI: 10.1093/mutage/geg003

45.	 V. Thybaud, M. Aardema, D. Casciano, V. 
Dellarco, M. R. Embry, B. B. Gollapudi, M. 
Hayashi, M. P. Holsapple, D. Jacobson-Kram, 

P. Kasper, J. T. MacGregor and R. Rees: 
Relevance and follow-up of positive results in 
in vitro genetic toxicity assays: an ILSI-HESI 
initiative. Mutat Res, 633(2), 67-79 (2007)
DOI: 10.1016/j.mrgentox.2007.05.010

46.	 L. Muller and P. Kasper: Human biological 
relevance and the use of threshold-arguments 
in regulatory genotoxicity assessment: 
experience with pharmaceuticals. Mutat Res, 
464(1), 19-34 (2000)
DOI: 10.1016/S1383-5718(99)00163-1

47.	 D. Scott, S. M. Galloway, R. R. Marshall, M. 
Ishidate, Jr., D. Brusick, J. Ashby and B. C. 
Myhr: International Commission for Protection 
Against Environmental Mutagens and 
Carcinogens. Genotoxicity under extreme 
culture conditions. A report from ICPEMC Task 
Group 9. Mutat Res, 257(2), 147-205 (1991)
DOI: 10.1016/0165-1110(91)90024-P

48.	 S. M. Galloway, J. E. Miller, M. J. Armstrong, C. 
L. Bean, T. R. Skopek and W. W. Nichols: DNA 
synthesis inhibition as an indirect mechanism of 
chromosome aberrations: comparison of DNA-
reactive and non-DNA-reactive clastogens. 
Mutat Res, 400(1-2), 169-86 (1998)
DOI: 10.1016/S0027-5107(98)00044-X

49.	 C. Lengauer, K. W. Kinzler and B. Vogelstein: 
Genetic instability in colorectal cancers. 
Nature, 386(6625), 623-7 (1997)
DOI: 10.1038/386623a0

50.	 M. J. Aardema, S. Albertini, P. Arni, L. M. 
Henderson, M. Kirsch-Volders, J. M. Mackay, 
A. M. Sarrif, D. A. Stringer and R. D. Taalman: 
Aneuploidy: a report of an ECETOC task 
force. Mutat Res, 410(1), 3-79 (1998)
DOI: 10.1016/S1383-5742(97)00029-X

51.	 WHO: Assessing human health risks of 
chemicals: derivation of guidance values for 
health-based exposure limits/published under 
the joint sponsorship of the United  Nations 
Environment Programme, the International 
Labour Organisation, and the World Health 
Organization. In: WHO, Geneva (1994)
doi not found

52.	 S. Pfuhler, S. Albertini, R. Fautz, B. Herbold, 
S. Madle, D. Utesch, A. Poth and U.-M. 
Gesellschaft fuer: Genetic toxicity assessment: 
employing the best science for human safety 
evaluation part  IV: Recommendation of a 
working group of the Gesellschaft fuer Umwelt-
Mutationsforschung (GUM) for a simple and 

http://dx.doi.org/10.1016/j.toxlet.2009.02.005
http://dx.doi.org/10.1016/j.toxlet.2009.07.032
http://dx.doi.org/10.1016/j.toxlet.2009.07.031
http://dx.doi.org/10.1016/j.toxlet.2009.04.003
http://dx.doi.org/10.1016/j.toxlet.2009.07.030
http://dx.doi.org/10.1016/j.toxlet.2009.04.031
http://dx.doi.org/10.1016/j.mrrev.2015.05.001
http://dx.doi.org/10.1093/mutage/geq089
http://dx.doi.org/10.1093/mutage/geg003
http://dx.doi.org/10.1016/j.mrgentox.2007.05.010
http://dx.doi.org/10.1016/S1383-5718%2899%2900163-1
http://dx.doi.org/10.1016/0165-1110%2891%2990024-P
http://dx.doi.org/10.1016/S0027-5107%2898%2900044-X
http://dx.doi.org/10.1038/386623a0
http://dx.doi.org/10.1016/S1383-5742%2897%2900029-X


Chromosomal aberrations, clastogens vs aneugens

	 11� © 1996-2017

straightforward approach to genotoxicity 
testing. Toxicol Sci, 97(2), 237-40 (2007)
DOI: 10.1093/toxsci/kfm019

53.	 D. Kirkland, L. Reeve, D. Gatehouse and P. 
Vanparys: A core in vitro genotoxicity battery 
comprising the Ames test plus the in vitro 
micronucleus test is sufficient to detect rodent 
carcinogens and in vivo genotoxins. Mutat 
Res, 721(1), 27-73 (2011)
DOI: 10.1016/j.mrgentox.2010.12.015

54.	 A. M. Senderowicz: Novel direct and indirect 
cyclin-dependent kinase modulators for 
the prevention and treatment of human 
neoplasms. Cancer Chemother Pharmacol, 
52 Suppl 1, S61-73 (2003)
DOI: 10.1007/s00280-003-0624-x

55.	 G. Manning, D. B. Whyte, R. Martinez, T. 
Hunter and S. Sudarsanam: The protein 
kinase complement of the human genome. 
Science, 298(5600), 1912-34 (2002)
DOI: 10.1126/science.1075762

56.	 A. J. Olaharski, N. Gonzaludo, H. Bitter, D. 
Goldstein, S. Kirchner, H. Uppal and K. Kolaja: 
Identification of a kinase profile that predicts 
chromosome damage induced by small 
molecule kinase inhibitors. PLoS Comput 
Biol, 5(7), e1000446 (2009)
DOI: 10.1371/journal.pcbi.1000446

57.	 OECD: OECD GUIDELINES FOR THE 
TESTING OF CHEMICALS, Proposal 
for updating test guideline 487, In vitro 
Mammalian Cell Micronucleus Test. In, (2012)
doi not found

58.	 R. P. Araldi, T. C. de Melo, T. B. Mendes, P. L. 
de Sa Junior, B. H. Nozima, E. T. Ito, R. F. de 
Carvalho, E. B. de Souza and R. de Cassia 
Stocco: Using the comet and micronucleus 
assays for genotoxicity studies: A  review. 
Biomed Pharmacother, 72, 74-82 (2015)
DOI: 10.1016/j.biopha.2015.04.004

59.	 M. Kirsch-Volders: Towards a validation of 
the micronucleus test. Mutat Res, 392(1-2), 
1-4 (1997)
DOI: 10.1016/S0165-1218(97)00039-6

60.	 J. M. Parry and A. Sors: The detection and 
assessment of the aneugenic potential of 
environmental chemicals: the European 
Community Aneuploidy Project. Mutat Res, 
287(1), 3-15 (1993)
DOI: 10.1016/0027-5107(93)90140-B

61.	 K. Matsuzaki, A. Harada, K. Tanaka, A. Takeiri 
and M. Mishima: HSP90 inhibitor CH5164840 
induces micronuclei in TK6  cells via an 
aneugenic mechanism. Mutat Res Genet 
Toxicol Environ Mutagen, 773, 9-13 (2014)
DOI: 10.1016/j.mrgentox.2014.08.002

62.	 M. Mishima, K. Tanaka, A. Takeiri, A. Harada, 
C. Kubo, S. Sone, Y. Nishimura, Y. Tachibana 
and M. Okazaki: Two structurally distinct 
inhibitors of glycogen synthase kinase 3 
induced centromere positive micronuclei in 
human lymphoblastoid TK6 cells. Mutat Res, 
643(1-2), 29-35 (2008)
DOI: 10.1016/j.mrfmmm.2008.06.001

63.	 A. Tighe, A. Ray-Sinha, O. D. Staples and S. S. 
Taylor: GSK-3 inhibitors induce chromosome 
instability. BMC Cell Biol, 8, 34 (2007)
DOI: 10.1186/1471-2121-8-34

64.	 S. Pillai, J. Nguyen, J. Johnson, E. Haura, 
D. Coppola and S. Chellappan: Tank binding 
kinase 1 is a centrosome-associated kinase 
necessary for microtubule dynamics and 
mitosis. Nat Commun, 6, 10072 (2015)
DOI: 10.1038/ncomms10072

65.	 C. Winkler, S. De Munter, N. Van Dessel, B. 
Lesage, E. Heroes, S. Boens, M. Beullens, 
A. Van Eynde and M. Bollen: The selective 
inhibition of protein phosphatase-1 results 
in mitotic catastrophe and impaired tumor 
growth. J Cell Sci, 128(24), 4526-37 (2015)
DOI: 10.1242/jcs.175588

66.	 D. Woo Seo, S. Yeop You, W. J. Chung, D. H. 
Cho, J. S. Kim and J. Su Oh: Zwint-1 is required 
for spindle assembly checkpoint function and 
kinetochore-microtubule attachment during 
oocyte meiosis. Sci Rep, 5, 15431 (2015)
DOI: 10.1038/srep15431

67.	 V. Baran, A. Brzakova, P. Rehak, V. Kovarikova 
and P. Solc: PLK1 regulates spindle formation 
kinetics and APC/C activation in mouse 
zygote. Zygote, 1-8 (2015)
doi not found

68.	 H. J. Whalley, A. P. Porter, Z. Diamantopoulou, 
G. R. White, E. Castaneda-Saucedo and 
A. Malliri: Cdk1 phosphorylates the Rac 
activator Tiam1 to activate centrosomal Pak 
and promote mitotic spindle formation. Nat 
Commun, 6, 7437 (2015)
DOI: 10.1038/ncomms8437

69.	 R. Visconti, R. Della Monica, L. Palazzo, F. 
D’Alessio, M. Raia, S. Improta, M. R. Villa, 

http://dx.doi.org/10.1093/toxsci/kfm019
http://dx.doi.org/10.1016/j.mrgentox.2010.12.015
http://dx.doi.org/10.1007/s00280-003-0624-x
http://dx.doi.org/10.1126/science.1075762
http://dx.doi.org/10.1371/journal.pcbi.1000446
http://dx.doi.org/10.1016/j.biopha.2015.04.004
http://dx.doi.org/10.1016/S0165-1218%2897%2900039-6
http://dx.doi.org/10.1016/0027-5107%2893%2990140-B
http://dx.doi.org/10.1016/j.mrgentox.2014.08.002
http://dx.doi.org/10.1016/j.mrfmmm.2008.06.001
http://dx.doi.org/10.1186/1471-2121-8-34
http://dx.doi.org/10.1038/ncomms10072
http://dx.doi.org/10.1242/jcs.175588
http://dx.doi.org/10.1038/srep15431
http://dx.doi.org/10.1038/ncomms8437


Chromosomal aberrations, clastogens vs aneugens 

	 12� © 1996-2017

L. Del Vecchio and D. Grieco: The Fcp1-
Wee1-Cdk1 axis affects spindle assembly 
checkpoint robustness and sensitivity to 
antimicrotubule cancer drugs. Cell Death 
Differ, 22(9), 1551-60 (2015)
DOI: 10.1038/cdd.2015.13

70.	 D. J. Kirkland, M. Aardema, N. Banduhn, P. 
Carmichael, R. Fautz, J. R. Meunier and S. 
Pfuhler: In vitro approaches to develop weight 
of evidence (WoE) and mode of action (MoA) 
discussions with positive in vitro genotoxicity 
results. Mutagenesis, 22(3), 161-75 (2007)
DOI: 10.1093/mutage/gem006

71.	 A. Matsuoka, K. Matsuura, H. Sakamoto, M. 
Hayashi and T. Sofuni: A proposal for a simple 
way to distinguish aneugens from clastogens 
in the in vitro micronucleus test. Mutagenesis, 
14(4), 385-9 (1999)
DOI: 10.1093/mutage/14.4.385

72.	 Y. G. Liu, Z. L. Wu and J. K. Chen: Differential 
effects of aneugens and clastogens on 
incidences of multinucleated cells and of 
micronucleate cells in Chinese hamster lung 
(V79) cell line in vitro. Mutat Res, 413(1), 
39-45 (1998)
DOI: 10.1016/S1383-5718(98)00012-6

73.	 C. Rosefort, E. Fauth and H. Zankl: Micronuclei 
induced by aneugens and clastogens in 
mononucleate and binucleate cells using the 
cytokinesis block assay. Mutagenesis, 19(4), 
277-84 (2004)
DOI: 10.1093/mutage/geh028

74.	 K. Hashimoto, Y. Nakajima, S. Matsumura 
and F. Chatani: An in vitro micronucleus assay 
with size-classified micronucleus counting 
to discriminate aneugens from clastogens. 
Toxicol In vitro, 24(1), 208-16 (2010)
DOI: 10.1016/j.tiv.2009.09.006

75.	 J. D. Moore and J. E. Krebs: Histone 
modifications and DNA double-strand break 
repair. Biochem Cell Biol, 82(4), 446-52 (2004)
DOI: 10.1139/o04-034

76.	 N. F. Lowndes and G. W. Toh: DNA repair: the 
importance of phosphorylating histone H2AX. 
Curr Biol, 15(3), R99-R102 (2005)
DOI: 10.1016/j.cub.2005.01.029

77.	 D. M. Pinto and A. Flaus: Structure and 
function of histone H2AX. Subcell Biochem, 
50, 55-78 (2010)
DOI: 10.1007/978-90-481-3471-7_4

78.	 K. Sone, L. Piao, M. Nakakido, K. Ueda, T. 
Jenuwein, Y. Nakamura and R. Hamamoto: 
Critical role of lysine 134 methylation on 
histone H2AX for gamma-H2AX production 
and DNA repair. Nat Commun, 5, 5691 (2014)
DOI: 10.1038/ncomms6691

79.	 E. Bartova, J. Krejci, A. Harnicarova, G. Galiova 
and S. Kozubek: Histone modifications and 
nuclear architecture: a review. J  Histochem 
Cytochem, 56(8), 711-21 (2008)
DOI: 10.1369/jhc.2008.951251

80.	 W. M. Bonner, C. E. Redon, J. S. Dickey, A. J. 
Nakamura, O. A. Sedelnikova, S. Solier and 
Y. Pommier: GammaH2AX and cancer. Nat 
Rev Cancer, 8(12), 957-67 (2008)
DOI: 10.1038/nrc2523

81.	 E. P. Rogakou, D. R. Pilch, A. H. Orr, V. S. 
Ivanova and W. M. Bonner: DNA double-
stranded breaks induce histone H2AX 
phosphorylation on serine 139. J Biol Chem, 
273(10), 5858-68 (1998)
DOI: 10.1074/jbc.273.10.5858

82.	 A. Kinner, W. Wu, C. Staudt and G. Iliakis: 
Gamma-H2AX in recognition and signaling 
of DNA double-strand breaks in the context 
of chromatin. Nucleic Acids Res, 36(17), 
5678-94 (2008)
DOI: 10.1093/nar/gkn550

83.	 E. P. Rogakou, C. Boon, C. Redon and W. 
M. Bonner: Megabase chromatin domains 
involved in DNA double-strand breaks in vivo. 
J Cell Biol, 146(5), 905-16 (1999)
DOI: 10.1083/jcb.146.5.905

84.	 T. Uziel, Y. Lerenthal, L. Moyal, Y. Andegeko, 
L. Mittelman and Y. Shiloh: Requirement of 
the MRN complex for ATM activation by DNA 
damage. EMBO J, 22(20), 5612-21 (2003)
DOI: 10.1093/emboj/cdg541

85.	 C. J. Bakkenist and M. B. Kastan: DNA 
damage activates ATM through intermolecular 
autophosphorylation and dimer dissociation. 
Nature, 421(6922), 499-506 (2003)
DOI: 10.1038/nature01368

86.	 S. Burma, B. P. Chen, M. Murphy, A. Kurimasa 
and D. J. Chen: ATM phosphorylates histone 
H2AX in response to DNA double-strand 
breaks. J Biol Chem, 276(45), 42462-7 (2001)
DOI: 10.1074/jbc.C100466200

87.	 M. Tomita: Involvement of DNA-PK and ATM 
in radiation- and heat-induced DNA damage 

http://dx.doi.org/10.1038/cdd.2015.13
http://dx.doi.org/10.1093/mutage/gem006
http://dx.doi.org/10.1093/mutage/14.4.385
http://dx.doi.org/10.1016/S1383-5718%2898%2900012-6
http://dx.doi.org/10.1093/mutage/geh028
http://dx.doi.org/10.1016/j.tiv.2009.09.006
http://dx.doi.org/10.1139/o04-034
http://dx.doi.org/10.1016/j.cub.2005.01.029
http://dx.doi.org/10.1007/978-90-481-3471-7_4
http://dx.doi.org/10.1038/ncomms6691
http://dx.doi.org/10.1369/jhc.2008.951251
http://dx.doi.org/10.1038/nrc2523
http://dx.doi.org/10.1074/jbc.273.10.5858
http://dx.doi.org/10.1093/nar/gkn550
http://dx.doi.org/10.1083/jcb.146.5.905
http://dx.doi.org/10.1093/emboj/cdg541
http://dx.doi.org/10.1038/nature01368
http://dx.doi.org/10.1074/jbc.C100466200


Chromosomal aberrations, clastogens vs aneugens

	 13� © 1996-2017

recognition and apoptotic cell death. J Radiat 
Res, 51(5), 493-501 (2010)
DOI: 10.1269/jrr.10039

88.	 R. Shroff, A. Arbel-Eden, D. Pilch, G. Ira, 
W. M. Bonner, J. H. Petrini, J. E. Haber and 
M. Lichten: Distribution and dynamics of 
chromatin modification induced by a defined 
DNA double-strand break. Curr Biol, 14(19), 
1703-11 (2004)
DOI: 10.1016/j.cub.2004.09.047

89.	 T. Stiff, M. O’Driscoll, N. Rief, K. Iwabuchi, M. 
Lobrich and P. A. Jeggo: ATM and DNA-PK 
function redundantly to phosphorylate H2AX 
after exposure to ionizing radiation. Cancer 
Res, 64(7), 2390-6 (2004)
DOI: 10.1158/0008-5472.CAN-03-3207

90.	 K. Rothkamm and M. Lobrich: Evidence for 
a lack of DNA double-strand break repair 
in human cells exposed to very low x-ray 
doses. Proc Natl Acad Sci U S A, 100(9), 
5057-62 (2003)
DOI: 10.1073/pnas.0830918100

91.	 S. Hanasoge and M. Ljungman: H2AX 
phosphorylation after UV irradiation is 
triggered by DNA repair intermediates and is 
mediated by the ATR kinase. Carcinogenesis, 
28(11), 2298-304 (2007)
DOI: 10.1093/carcin/bgm157

92.	 T. Furuta, H. Takemura, Z. Y. Liao, G. J. Aune, 
C. Redon, O. A. Sedelnikova, D. R. Pilch, 
E. P. Rogakou, A. Celeste, H. T. Chen, A. 
Nussenzweig, M. I. Aladjem, W. M. Bonner and 
Y. Pommier: Phosphorylation of histone H2AX 
and activation of Mre11, Rad50, and Nbs1 
in response to replication-dependent DNA 
double-strand breaks induced by mammalian 
DNA topoisomerase I cleavage complexes. 
J Biol Chem, 278(22), 20303-12 (2003)
DOI: 10.1074/jbc.M300198200

93.	 A. Takahashi and T. Ohnishi: Does 
gammaH2AX foci formation depend on the 
presence of DNA double strand breaks? 
Cancer Lett, 229(2), 171-9 (2005)
DOI: 10.1016/j.canlet.2005.07.016

94.	 G. P. Watters, D. J. Smart, J. S. Harvey and 
C. A. Austin: H2AX phosphorylation as a 
genotoxicity endpoint. Mutat Res, 679(1-2), 
50-8 (2009)
DOI: 10.1016/j.mrgentox.2009.07.007

95.	 C. Garcia-Canton, A. Anadon and C. Meredith: 

gammaH2AX as a novel endpoint to detect 
DNA damage: applications for the assessment 
of the in vitro genotoxicity of cigarette smoke. 
Toxicol In vitro, 26(7), 1075-86 (2012)
DOI: 10.1016/j.tiv.2012.06.006

96.	 K. Matsuzaki, A. Harada, A. Takeiri, K. Tanaka 
and M. Mishima: Whole cell-ELISA to measure 
the gammaH2AX response of six aneugens 
and eight DNA-damaging chemicals. Mutat 
Res, 700(1-2), 71-9 (2010)
DOI: 10.1016/j.mrgentox.2010.05.009

97.	 M. Audebert, A. Riu, C. Jacques, A. 
Hillenweck, E. L. Jamin, D. Zalko and J. P. 
Cravedi: Use of the gammaH2AX assay 
for assessing the genotoxicity of polycyclic 
aromatic hydrocarbons in human cell lines. 
Toxicol Lett, 199(2), 182-92 (2010)
DOI: 10.1016/j.toxlet.2010.08.022

98.	 S. Kim, D. H. Jun, H. J. Kim, K. C. Jeong and 
C. H. Lee: Development of a high-content 
screening method for chemicals modulating 
DNA damage response. J  Biomol Screen, 
16(2), 259-65 (2011)
DOI: 10.1177/1087057110392993

99.	 S. Roch-Lefevre, T. Mandina, P. Voisin, 
G. Gaetan, J. E. Mesa, M. Valente, P. 
Bonnesoeur, O. Garcia, P. Voisin and L. 
Roy: Quantification of gamma-H2AX foci in 
human lymphocytes: a method for biological 
dosimetry after ionizing radiation exposure. 
Radiat Res, 174(2), 185-94 (2010)
DOI: 10.1667/RR1775.1

100.	 L. Khoury, D. Zalko and M. Audebert: 
Evaluation of four human cell lines with distinct 
biotransformation properties for genotoxic 
screening. Mutagenesis, 31(1), 83-96 (2016)

101.	 S. Solier and Y. Pommier: The apoptotic 
ring: a novel entity with phosphorylated 
histones H2AX and H2B and activated DNA 
damage response kinases. Cell Cycle, 8(12), 
1853-9 (2009)
DOI: 10.4161/cc.8.12.8865

102.	 X. Huang, M. Okafuji, F. Traganos, E. Luther, 
E. Holden and Z. Darzynkiewicz: Assessment 
of histone H2AX phosphorylation induced 
by DNA topoisomerase I and II inhibitors 
topotecan and mitoxantrone and by the DNA 
cross-linking agent cisplatin. Cytometry A, 
58(2), 99-110 (2004)
DOI: 10.1002/cyto.a.20018

http://dx.doi.org/10.1269/jrr.10039
http://dx.doi.org/10.1016/j.cub.2004.09.047
http://dx.doi.org/10.1158/0008-5472.CAN-03-3207
http://dx.doi.org/10.1073/pnas.0830918100
http://dx.doi.org/10.1093/carcin/bgm157
http://dx.doi.org/10.1074/jbc.M300198200
http://dx.doi.org/10.1016/j.canlet.2005.07.016
http://dx.doi.org/10.1016/j.mrgentox.2009.07.007
http://dx.doi.org/10.1016/j.tiv.2012.06.006
http://dx.doi.org/10.1016/j.mrgentox.2010.05.009
http://dx.doi.org/10.1016/j.toxlet.2010.08.022
http://dx.doi.org/10.1177/1087057110392993
http://dx.doi.org/10.1667/RR1775.1
http://dx.doi.org/10.4161/cc.8.12.8865
http://dx.doi.org/10.1002/cyto.a.20018


Chromosomal aberrations, clastogens vs aneugens 

	 14� © 1996-2017

103.	 P. J. Cook, B. G. Ju, F. Telese, X. Wang, 
C. K. Glass and M. G. Rosenfeld: Tyrosine 
dephosphorylation of H2AX modulates 
apoptosis and survival decisions. Nature, 
458(7238), 591-6 (2009)
DOI: 10.1038/nature07849

104.	 G. Peng, E. K. Yim, H. Dai, A. P. Jackson, I. 
Burgt, M. R. Pan, R. Hu, K. Li and S. Y. Lin: 
BRIT1/MCPH1 links chromatin remodelling to 
DNA damage response. Nat Cell Biol, 11(7), 
865-72 (2009)
DOI: 10.1038/ncb1895

105.	 A. Xiao, H. Li, D. Shechter, S. H. Ahn, L. A. 
Fabrizio, H. Erdjument-Bromage, S. Ishibe-
Murakami, B. Wang, P. Tempst, K. Hofmann, 
D. J. Patel, S. J. Elledge and C. D. Allis: WSTF 
regulates the H2A.X DNA damage response 
via a novel tyrosine kinase activity. Nature, 
457(7225), 57-62 (2009)
DOI: 10.1038/nature07668

106.	 M. Stucki, J. A. Clapperton, D. Mohammad, 
M. B. Yaffe, S. J. Smerdon and S. P. Jackson: 
MDC1 directly binds phosphorylated histone 
H2AX to regulate cellular responses to 
DNA double-strand breaks. Cell, 123(7), 
1213-26 (2005)
DOI: 10.1016/j.cell.2005.09.038

107.	 N. Singh, H. Basnet, T. D. Wiltshire, D. H. 
Mohammad, J. R. Thompson, A. Heroux, 
M. V. Botuyan, M. B. Yaffe, F. J. Couch, M. 
G. Rosenfeld and G. Mer: Dual recognition 
of phosphoserine and phosphotyrosine 
in histone variant H2A.X by DNA damage 
response protein MCPH1. Proc Natl Acad Sci 
U S A, 109(36), 14381-6 (2012)
DOI: 10.1073/pnas.1212366109

108.	 J. E. Kim, K. Minter-Dykhouse and J. Chen: 
Signaling networks controlled by the MRN 
complex and MDC1 during early DNA damage 
responses. Mol Carcinog, 45(6), 403-8 (2006)
DOI: 10.1002/mc.20221

109.	 X. Wu, V. Ranganathan, D. S. Weisman, W. 
F. Heine, D. N. Ciccone, T. B. O’Neill, K. E. 
Crick, K. A. Pierce, W. S. Lane, G. Rathbun, 
D. M. Livingston and D. T. Weaver: ATM 
phosphorylation of Nijmegen breakage 
syndrome protein is required in a DNA damage 
response. Nature, 405(6785), 477-82 (2000)
DOI: 10.1038/35013089

110.	 D. M. McLoughlin and C. C. Miller: The FE65 
proteins and Alzheimer’s disease. J Neurosci 

Res, 86(4), 744-54 (2008)
DOI: 10.1002/jnr.21532

111.	 L. Brichese, G. Cazettes and A. Valette: 
JNK is associated with Bcl-2 and PP1 in 
mitochondria: paclitaxel induces its activation 
and its association with the phosphorylated 
form of Bcl-2. Cell Cycle, 3(10), 1312-9 (2004)
DOI: 10.4161/cc.3.10.1166

112.	 S. N. Kolomeichuk, D. T. Terrano, C. S. Lyle, 
K. Sabapathy and T. C. Chambers: Distinct 
signaling pathways of microtubule inhibitors-
-vinblastine and Taxol induce JNK-dependent 
cell death but through AP-1-dependent and 
AP-1-independent mechanisms, respectively. 
FEBS J, 275(8), 1889-99 (2008)
DOI: 10.1111/j.1742-4658.2008.06349.x

113.	 S. Elmore: Apoptosis: a review of 
programmed cell death. Toxicol Pathol, 35(4), 
495-516 (2007)
DOI: 10.1080/01926230701320337

114.	 C. Lu, F. Zhu, Y. Y. Cho, F. Tang, T. Zykova, 
W. Y. Ma, A. M. Bode and Z. Dong: Cell 
apoptosis: requirement of H2AX in DNA 
ladder formation, but not for the activation of 
caspase-3. Mol Cell, 23(1), 121-32 (2006)
DOI: 10.1016/j.molcel.2006.05.023

115.	 M. Baritaud, H. Boujrad, H. K. Lorenzo, S. 
Krantic and S. A. Susin: Histone H2AX: 
The missing link in AIF-mediated caspase-
independent programmed necrosis. Cell 
Cycle, 9(16), 3166-73 (2010)
DOI: 10.4161/cc.9.16.12552

116.	 W. Wen, F. Zhu, J. Zhang, Y. S. Keum, T. Zykova, 
K. Yao, C. Peng, D. Zheng, Y. Y. Cho, W. Y. 
Ma, A. M. Bode and Z. Dong: MST1 promotes 
apoptosis through phosphorylation of histone 
H2AX. J Biol Chem, 285(50), 39108-16 (2010)
DOI: 10.1074/jbc.M110.151753

117.	 E. P. Rogakou, W. Nieves-Neira, C. Boon, 
Y. Pommier and W. M. Bonner: Initiation of 
DNA fragmentation during apoptosis induces 
phosphorylation of H2AX histone at serine 
139. J Biol Chem, 275(13), 9390-5 (2000)
DOI: 10.1074/jbc.275.13.9390

118.	 K. Matsuzaki, A. Harada, A. Takeiri, K. Tanaka 
and M. Mishima: Entire contribution of apoptosis 
to phosphorylation of H2AX in TK6 cells after 
treatment with nongenotoxic, clastogenic and 
aneugenic compounds. In: 10th  international 
conference on environmental mutagenesis 
(ICEM). Florence, Italy (2009)

http://dx.doi.org/10.1038/nature07849
http://dx.doi.org/10.1038/ncb1895
http://dx.doi.org/10.1038/nature07668
http://dx.doi.org/10.1016/j.cell.2005.09.038
http://dx.doi.org/10.1073/pnas.1212366109
http://dx.doi.org/10.1002/mc.20221
http://dx.doi.org/10.1038/35013089
http://dx.doi.org/10.1002/jnr.21532
http://dx.doi.org/10.4161/cc.3.10.1166
http://dx.doi.org/10.1111/j.1742-4658.2008.06349.x
http://dx.doi.org/10.1080/01926230701320337
http://dx.doi.org/10.1016/j.molcel.2006.05.023
http://dx.doi.org/10.4161/cc.9.16.12552
http://dx.doi.org/10.1074/jbc.M110.151753
http://dx.doi.org/10.1074/jbc.275.13.9390


Chromosomal aberrations, clastogens vs aneugens

	 15� © 1996-2017

doi not found
119.	 A. Harada, Takeiri, A., Tanaka, K., Matsuzaki, 

K., Motoyama, S., Mishima, M.: Apoptosis is 
the only cause of the phosphorylation of H2AX 
in TK6 cells treated with colcemid, taxol and 
vinblastin. In: 10th  Internetional Conference 
on Environmental Mutagens. Florence, Italy 
(2009)
doi not found

120.	 K. Segawa and S. Nagata: An Apoptotic ‘Eat 
Me’ Signal: Phosphatidylserine Exposure. 
Trends Cell Biol, 25(11), 639-50 (2015)
DOI: 10.1016/j.tcb.2015.08.003

121.	 A. Harada, K. Matsuzaki, A. Takeiri and M. 
Mishima: The predominant role of apoptosis in 
gammaH2AX formation induced by aneugens 
is useful for distinguishing aneugens from 
clastogens. Mutat Res Genet Toxicol Environ 
Mutagen, 771, 23-9 (2014)
DOI: 10.1016/j.mrgentox.2014.05.010

122.	 S. M. Bryce, J. C. Bemis, J. A. Mereness, 
R. A. Spellman, J. Moss, D. Dickinson, M. 
J. Schuler and S. D. Dertinger: Interpreting 
in vitro micronucleus positive results: simple 
biomarker matrix discriminates clastogens, 
aneugens, and misleading positive agents. 
Environ Mol Mutagen, 55(7), 542-55 (2014)
DOI: 10.1002/em.21868

123.	 J. R. Cheung, D. A. Dickinson, J. Moss, M. 
J. Schuler, R. A. Spellman and P. L. Heard: 
Histone markers identify the mode of action for 
compounds positive in the TK6 micronucleus 
assay. Mutat Res Genet Toxicol Environ 
Mutagen, 777, 7-16 (2015)
DOI: 10.1016/j.mrgentox.2014.11.002

124.	 A. Raiter, R. Yerushalmi and B. Hardy: 
Pharmacological induction of cell surface 
GRP78 contributes to apoptosis in triple 
negative breast cancer cells. Oncotarget, 
5(22), 11452-63 (2014)
DOI: 10.18632/oncotarget.2576

125.	 H. Stridh, M. Kimland, D. P. Jones, S. 
Orrenius and M. B. Hampton: Cytochrome c 
release and caspase activation in hydrogen 
peroxide-  and tributyltin-induced apoptosis. 
FEBS Lett, 429(3), 351-5 (1998)
DOI: 10.1016/S0014-5793(98)00630-9

126.	 A. M. Bode and Z. Dong: The enigmatic 
effects of caffeine in cell cycle and cancer. 
Cancer Lett, 247(1), 26-39 (2007)
DOI: 10.1016/j.canlet.2006.03.032

127.	 X. Huang, T. Tran, L. Zhang, R. Hatcher 
and P. Zhang: DNA damage-induced 
mitotic catastrophe is mediated by the 
Chk1-dependent mitotic exit DNA damage 
checkpoint. Proc Natl Acad Sci U S A, 102(4), 
1065-70 (2005)
DOI: 10.1073/pnas.0409130102

128.	 M. Kapanidou, S. Lee and V. M. Bolanos-
Garcia: BubR1 kinase: protection against 
aneuploidy and premature aging. Trends Mol 
Med, 21(6), 364-72 (2015)
DOI: 10.1016/j.molmed.2015.04.003

129.	 D. Kirkland, M. Aardema, L. Henderson and L. 
Muller: Evaluation of the ability of a battery of 
three in vitro genotoxicity tests to discriminate 
rodent carcinogens and non-carcinogens I. 
Sensitivity, specificity and relative predictivity. 
Mutat Res, 584(1-2), 1-256 (2005)
DOI: 10.1016/j.mrgentox.2005.02.004

130.	 P. Fowler, R. Smith, K. Smith, J. Young, L. 
Jeffrey, P. Carmichael, D. Kirkland and S. 
Pfuhler: Reduction of misleading (“false”) 
positive results in mammalian cell genotoxicity 
assays. III: sensitivity of human cell types to 
known genotoxic agents. Mutat Res Genet 
Toxicol Environ Mutagen, 767, 28-36 (2014)
DOI: 10.1016/j.mrgentox.2014.03.001

131.	 P. Fowler, K. Smith, J. Young, L. Jeffrey, 
D. Kirkland, S. Pfuhler and P. Carmichael: 
Reduction of misleading (“false”) positive 
results in mammalian cell genotoxicity assays. 
I. Choice of cell type. Mutat Res, 742(1-2), 
11-25 (2012)
DOI: 10.1016/j.mrgentox.2011.10.014

132.	 S. Galloway, E. Lorge, M. J. Aardema, D. 
Eastmond, M. Fellows, R. Heflich, D. Kirkland, 
D. D. Levy, A. M. Lynch, D. Marzin, T. Morita, 
M. Schuler and G. Speit: Workshop summary: 
Top concentration for in vitro mammalian 
cell genotoxicity assays; and report from 
working group on toxicity measures and top 
concentration for in vitro cytogenetics assays 
(chromosome aberrations and micronucleus). 
Mutat Res, 723(2), 77-83 (2011)
DOI: 10.1016/j.mrgentox.2011.01.003

133.	 D. Kirkland, S. Pfuhler, D. Tweats, M. 
Aardema, R. Corvi, F. Darroudi, A. Elhajouji, 
H. Glatt, P. Hastwell, M. Hayashi, P. Kasper, 
S. Kirchner, A. Lynch, D. Marzin, D. Maurici, J. 
R. Meunier, L. Muller, G. Nohynek, J. Parry, E. 
Parry, V. Thybaud, R. Tice, J. van Benthem, 

http://dx.doi.org/10.1016/j.tcb.2015.08.003
http://dx.doi.org/10.1016/j.mrgentox.2014.05.010
http://dx.doi.org/10.1002/em.21868
http://dx.doi.org/10.1016/j.mrgentox.2014.11.002
http://dx.doi.org/10.18632/oncotarget.2576
http://dx.doi.org/10.1016/S0014-5793%2898%2900630-9
http://dx.doi.org/10.1016/j.canlet.2006.03.032
http://dx.doi.org/10.1073/pnas.0409130102
http://dx.doi.org/10.1016/j.molmed.2015.04.003
http://dx.doi.org/10.1016/j.mrgentox.2005.02.004
http://dx.doi.org/10.1016/j.mrgentox.2014.03.001
http://dx.doi.org/10.1016/j.mrgentox.2011.10.014
http://dx.doi.org/10.1016/j.mrgentox.2011.01.003


Chromosomal aberrations, clastogens vs aneugens 

	 16� © 1996-2017

P. Vanparys and P. White: How to reduce 
false positive results when undertaking 
in  vitro genotoxicity testing and thus avoid 
unnecessary follow-up animal tests: Report 
of an ECVAM Workshop. Mutat Res, 628(1), 
31-55 (2007)
DOI: 10.1016/j.mrgentox.2006.11.008

134.	 Y. Fujita, T. Kasamatsu, N. Ikeda, N. Nishiyama 
and H. Honda: A  retrospective evaluation 
method for in vitro mammalian genotoxicity 
tests using cytotoxicity index transformation 
formulae. Mutat Res Genet Toxicol Environ 
Mutagen, 796, 1-7 (2016)
DOI: 10.1016/j.mrgentox.2015.11.007

Abbreviations: MN, micronucleus; DDR, DNA 
damage response; MoA, mode of action; SMN, 
secondary malignant neoplasm; TTC, threshold of 
toxicological concern

Key Words: Aneugen, Clastogen, Genotoxicity, 
Apoptosis, Gamma-H2AX, Review

Send correspondence to: Masayuki Mishima, 
Research Division, Chugai Pharmaceutical Co., 
Ltd., Gotemba, Shizuoka, 412-8513, Japan, 
Tel: 81-550-87-8768, Fax: 81-550-87-6383, 
E-mail: mishimamsy@chugai-pharm.co.jp

http://dx.doi.org/10.1016/j.mrgentox.2006.11.008
http://dx.doi.org/10.1016/j.mrgentox.2015.11.007
mailto:mishimamsy%40chugai-pharm.co.jp?subject=

