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Prediction of Carcinogenic Potential Using Comet and
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Genotoxic events have been known as crucial step in the initiation of cancer. To assess the risk of cancer, genotoxicity assays,
including comet, micronucleus (MN), chromosomal aberration, bacterial reverse, and sister chromatid exchange assay, can be
performed. Compared with /n vitro genotoxicity assay, /n vivo genotoxicity assay has been used to verify /n vitro assay result
and definitely provide biological significance for certain organs or cell types. The comet assay can detect DNA strand breaks as
markers of genotoxicity. Methods of the /n vivo comet assay have been established by Japanese Center for the Validation of
Alternative Methods (JaCVAM) validation studies depending on tissue and sample types. The MN can be initiated by segregation
error and lagging acentric chromosome fragment. Methods of the /7 vivo MN assay have been established by Organization for
Economic Co-operation and Development (OECD) test guidelines and many studies. Combining the /7 vivo comet and MN assay
has been regarded as useful methodology for evaluating genetic damage, and it has been used in the assessment of potential
carcinogenicity by complementarily presenting two distinct endpoints of the /7 vivo genotoxicity individual test. Few studies have
investigated the quantitative relation between /n vivo genotoxicity results and carcinogenicity. Extensive studies emphasizes that
positive correlation is detectable. This review summarizes the results of the /n vivo comet and MN assays that have investigated
the genotoxicity of carcinogens as classified by the International Agency for Research on Cancer (IARC) carcinogenicity database.
As a result, these genotoxicity data may provide meaningful information for the assessment of potential carcinogenicity and for
implementation in the prevention of cancer. () Cancer Prev 2013;18:277-288)
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INTRODUCTION

Cancer is the leading cause of human mortality all over
the world." Most cancer tissues show a number of complex
chromosomal aberrations.* The induction and accumu-
lation of genetic damage can cause genomic instability, and
it is known as a crucial step in the generation of cancer.”
Oncogenicity studies of carcinogenic potential using geno-
toxicity assays are on the rise. Altered gene expression,

abnormal cell growth, and disruption of normal cell

function may be related with the genotoxic effects of
industrial carcinogens or other potential genotoxic agents.
These phenomenon can result in the genomic instability
and possibly carcinogenesis.' For evaluating risk of cancer,
genetic damage can be determined by genotoxicity assays,
including comet assay, micronucleus assay, chromosome
aberration assay, gamma-H2AX, and bacterial reverse
testing. In this review, the micronucleus assay and the
comet assay are focused.’ Since comet assay takes advan-
tages of speediness, high sensitivity and flexibility for
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measuring capacity of DNA-strand breakage at the level of
individual cells, and micronucleus assay exhibits highly
reliable, rapid, and broad-spectrum determination of DNA
damage at chromosome level (e.g. screening of chromo-
somal instability, DNA repair capacity, nuclear division
rate, mitogenic response and incidence of necrotic and
apoptotic cells).®

The genotoxicity tests officially approved as the Organi-
zation for Economic Co-operation and Development
(OECD) test guidelines include the bacterial reverse muta-
tion test, chromosome aberration test, micronucleus test,
and sister chromatid exchange assay. /z1 vivo genotoxicity
tests using tissues can be used when obtaining i vitro
positive results, that can reflect absorption, excretion,
distribution, and metabolism of chemicals but the in vitro
test does not.”® The in vitroassay has been considered as a
genotoxicity test for screening substances (e.g. drug can-
didates, medicinal plant extract, chemical substances, etc.)
and evaluating their initial safety while the /n vivo assay
provides detailed information of biological and physio-
logical significance. It can determine whether any poten-
tial mutagenic effects that have shown in the in vitro step
have appeared again in the animal’s whole physiological
system.5 Consequently, the in2 vivo assays have been known
as important processes in the verification of in vitro test
and risk assessments for humans, indicating that they have
more impact than 22 vitro assays.

The comet assay firstly established by Ostling and
Johanson has been widely applied for studying DNA strand
breaks at the single cell level.” The zn2 vivo comet assay used
to detect the genotoxic potential of chemicals has been
recognized as a second i vivo genotoxicity assay by the
International Conference on Harmonization (ICH- S2 (R1))
guidance (2012) with /n vivo micronucleus (MN) assay. In
the field of genotoxicology, the /n vivo comet assay has
been considered as powerful tools to distinguish between
genotoxic carcinogens and nongenotoxic carcinogens as
well as to identify carcinogens and mutagens." Conse-
quently, the comet assay can be a biomarker for detecting
both genetic susceptibility and the DNA damage related to
carcinogenesis.'"'* Most carcinomas normally show a
greater degree of DNA damage with extensive comet tails
than that found in the tissue cells from controls.” In several

researches, CD-1 mouse strain has been commonly used as
standard animal model in the iz v7vo comet assay.

Beside comet assay, the MN assay has been developed for
genotoxicity and mutagenicity detection testing of chemi-
cals that induce the formation of small membrane bound
DNA fragments in cells (well-known as micronucleus). " *°
In principle, the MN assay is capable of detecting potential
genotoxic chemicals that can modify chromosome struc-
ture and induce segregation error."” In number of resear-
ches, standard laboratory strains of animals used in the MN
assay are F344 rat, SD rat, and CD-1 mouse. Recent studies
using the MN assay have shown that increased MN fre-
quency is related with cancer risk, thus supporting the
evidence that MN can be a biomarker of carcinogenesis.'®"
As so far application of genotoxicity testing suggests that
no single assay can fully detect all genotoxic aspects,” the
ICH guidance on genotoxicity testing have thus proposed
combining the in vivo comet assay with the iz vivo MN
assay.”’

Measurement of DNA damage using genotoxicity assays
has been known as a crucial approach for understanding
the carcinogenesis and assessing the risk of cancer inci-
dence.”** This review will discuss the significance of in
vivo comet assay and i vivo MN assay for testing geno-
toxicity and predicting carcinogenic potential (Fig. 1). By
comparing potential carcinogenicity studies using geno-
toxicity assays with other carcinogenicity databases, pre-
diction of carcinogenic potential will be discussed in the
following section and the development of both in vivo
assays of comet assay and micronucleus assay will be
further warranted.

PRINCIPLE OF IN VIVO COMET ASSAY

In vivo comet assay has been generally performed to
detect DNA strand breaks as the comet tail-like-shapes
formed by DNA fragment in cells. In principle, after the
lysis and electrophoresis steps of cells, the negatively
charged DNA fragments migrate out of the cell toward the
anode, and appear in a comet shape visualized under a
fluorescence microscope.24 In a testing for genotoxic
carcinogen agents, increased migration of the negatively
charged DNA fragments toward the anode indicate
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increased the numbers of DNA strand breaks. Alkaline
version of comet assay was introduced for the detection of
double strand breaks, single strand breaks, alkali labile
sites, DNA cross-linking, and incomplete excision repair

sites. |0

The alkaline-based comet assay has shown
increased sensitivity for detecting genotoxic agents be-
cause most genotoxic agents may induce more single
strand breaks or alkali labile sites than double strand
breaks.” Overall, the advantages of the comet assay in
comparison to other genotoxicity assays include: (1)
applicability to various tissues and cell types (flexibility),
(2) no number of cells requirement, (3) sensitivity to
detecting DNA damage, (4) brevity of performance time,
and (5) the relatively low cost of the method.'*****® Prior
to the establishment of an OECD test guideline, the i vivo
comet assay using tissues was established by JaCVAM
validation studies.

METHODOLOGY OF IN VIVO COMET ASSAY

Any type of animal tissue (e.g. liver, stomach, and blood
cells) can be applied to the i vivo comet assay, as long as
the tissue types can provide high-quality single cell
suspension.”’ This methodology of comet assay refers to
JaCVAM validation studies (Fig. 2).*'

study.

1. In vivo comet assay using liver tissue

Usually a portion of the left lateral lobe of the liver tissue
is removed from a whole liver and then washed sufficiently
with an ice-cold appropriate mincing buffer. The washed
portion is minced to obtain the single cell suspension. The
cell suspension is placed on ice to allow the cluster to settle
down. Then, the supernatant can be used to make a comet
slide. After preparing the comet slide, the slide is incubated
with cold alkaline lysis solution overnight. After the lysis
process, the slide is rinsed with deionized water to remove
residual detergent and salts. After DNA unwinding using an
electrophoresis solution, the slide is electrophoresed. After
electrophoresis, the slide is neutralized. Then, the slide is
dehydrated by absolute ethanol, air dried at room tem-
perature. The slide is stained with SYBR Gold, and the
comet can be visualized under a fluorescence microscope
and quantitated via image analyzer system such as Comet
IV software (Perspectives, UK). For each sample, one
hundred comet cells are subjected for quantitative analysis.
Excessively damaged comets showing an appearance of
“hedgehog” consisting of very small comet heads and
largely-diffused comet tails represent dead cells and
should not be analyzed. The parameters used in the comet
analysis are as follows: % tail DNA, tail length (a distance
between the center of the head mass and the center of the
tail mass), and olive tail moment [= tail length X DNA in tail
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Fig. 2. Scheme illustrating alka—
line version of /n vivo comet

assay.

(% tail DNA/100)).”"
2. In vivo comet assay using stomach tissue

The whole stomach tissue of a sacrificed animal is initially
cut opened and washed until free of food residue using an
ice-cold mincing buffer. A portion of the forestomach is
removed and then discarded, and the glandular stomach is
incubated with the ice-cold mincing buffer. After
incubation, the surface epithelial layer is gently scraped.
The removed layer is discarded, and the mucosa is rinsed
with the ice-cold mincing buffer. Then, the epithelia of the
glandular stomach are scraped to obtain cell suspension.
The cell suspension is placed on ice to allow cluster to
settle down. Then, the cell suspension of the supernatant
can be used to make the comet slides. The cell suspension
and low-melting-agarose gel are mixed, and then the
cell/agar mixture is dispensed onto the comet slide.” As
before, the comet slides follow the process of lysis, DNA
unwinding, electrophoresis, neutralization, dehydration,
DNA staining, and image analysis.

3. In vivo comet assay using blood sample

Blood sample can be collected by venipuncture. All blood

samples must be immediately cooled and processed within
2 hours after collection. The layer made by the blood
sample mixed with low-melting-point agarose is placed
on the comet slide. As mentioned above, the comet assay is
composed of the process of lysis, DNA unwinding, elec-
trophoresis, neutralization, dehydration, staining of comet
slide, and image analysis.”

PRINCIPLE OF IN VIVO
MICRONUCLEUS ASSAY

The micronucleus (MN) can be generally formed by
lagging acentric chromosome fragments, acentric chro-
matid fragments, or whole chromosome that could not
included in the daughter nucleus during mitosis telophase
because the whole chromosome did not combine with the
spindle during the segregation process of amaphase.15’17’33’34
These chromosome fragments surrounded by nuclear
membrane are well known as MN, which is morpho-
logically similar to normal nucleus but smaller in size.”
Compared to other genotoxicity assays, the MN assay is a
quick and easy assay at the data analysis step. Moreover, it
has no requirement for metaphase cells, and shows iden-
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tifiable cells under a fluorescence microscope because
each cell has only one nuclear division.*® The in vivo MN
assay was established by the OECD guidelines, and has
been continuously being developed through many studies.

METHODOLOGY OF IN VIVO MN ASSAY

The in vivo MN assay is known as simple and sensitive
screening method of clastogenic agents in the target tissues
(e.g. blood and lung sample). In addition, many studies of in
vivo MN assays using tissues have been so far published
(Fig. 3).”

1. In vivo MN assay using blood sample

The erythrocyte of a blood sample can be collected by
bleeding from a blood vessel (e.g. mouse tail vein), cardiac
puncture, or large vessel at animal sacrifice. The blood
smears are prepared on glass slides and then subsequently
stained for microscopy analysis. Using flow cytome-
try-based analysis, the sample slides should be fixed and
stained. DNA-specific staining using acridine orange can
exclude the possibility of any artifacts generated by
non-DNA-specific staining.”

2. In vivo MN assay using liver tissue

After liver tissues are removed, it is recommended to
immediately perfuse the liver tissues with cold saline
solution until the blood is completely removed. The final
washing uses a cold homogenizing buffer containing EDTA,
NaCl, and DMSO. After weighing the liver sample, the
tissues are minced, suspended in cold homogenization

Fig. 3. Scheme showing main pro-
cedure of /n vivo micronucleus
assay.

buffer, and homogenized maintaining in the cold buffer on
ice using a potter-type homogenizator. After centrifuga-
tion of the homogenate, the supernatant is removed, and
the pellet is resuspended in the homogenization buffer.*’
The resuspended pellet needs to be settled down. Then, a
drop of the suspension is placed at the end of a pre-clean-
ed, grease-free, microscopic slide. Subsequently, the drop
is spread into a single cell layer without damaging the cell
morphology, using a clean cover glass held at 45 degrees.”*
Next, the prepared slides are air dried and then stained by
May-Grunwald stain, followed by a Giemsa solution stain.
The stained slides are rinsed with deionized water, air
dried, and rinsed with methanol. Then the slides are placed
in xylene for clearing. Finally, they are mounted and then

analyzed (1000 cells are scored for each sample).”™!

3. In vivo MN assay using lung tissue

After sacrificing animals, cells can be isolated from lung
tissue. The inferior vena cava is severed, and then the lung
tissue is perfused through the right ventricle with ethy-
leneglycoltetraacetic acid (EGTA) solution in Hanks' balan-
ced salt solution (HBSS). After perfusing until it is blanched,
the lung tissue is then inflated through the trachea with
solution containing trypsin, EDTA, and collagenase. The
lung tissue is removed, minced, and incubated with
rocking in EDTA containing enzyme solution. The superna-
tant containing individual cells is collected, and then
DNase [ is added. After centrifugation of the cells, the pellet
is washed with complete medium. Aliquouts of 1 X 10° cells
in 2 ml complete medium are seeded onto square cover
glass in a tissue culture dish. To prevent the cells from
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cytokinesis, an inhibitor of the mitotic spindle namely
cytochalasin B (Cyt-B) is added to each culture after 24
hours of the culture, allowing distinguish cells that have
completed one nuclear division and consequently become
binucleated. After 48 hours of adding Cyt-B, the seeded
cells are then fixed with 3:1 methanol:acetic acid or 100%
ethanol for staining. The cells are stained with Giemsa
solution for calculating the frequency of binucleate cells
having MN B

PREDICTION OF CARCINOGENIC
POTENTIAL BASED ON COMBINED
IN VIVO TEST OF COMET AND
MICRONUCLEUS ASSAY

In spite of regulatory directives concerning the reduction
of animal use in safety test, modifications to genotoxicity
testing guidelines recently offer the utility of two i vivo
genotoxicity assays of comet and MN as a follow-up to an
in vitro positive.6 Both 7n vivo assays can be achieved into
one informative investigation. Combining these two assays
with individual difference in sensitivity, measurable
endpoints, and types of parameter analyzed significantly
potentiate the current standard capabilities and perfor-
mance for assessing genotoxicity as well as for evaluating
carcinogenesis incidence and safety risk without require-
ment of additional animals.

Genotoxic events have been regarded as a crucial stage in
the initiation of Carcinogenesis.44 Genomic instability may
enable a cell to accumulate stable genome mutations, and
it represents an early step in the carcinogenesis.4 When
cells having modified DNA and abnormal genome conti-
nually survive, the abnormal cell can be a latent cancer cell
or it can give rise to a cancer.”’ Most cancers have shown
many chromosomal aberrations, and these alterations can
be detected in both benign and malignant tumors.>* Relying
on the standard genotoxicity and/or carcinogenicity tests
including in vivo comet and MN assay, the International
Agency for Research on Cancer (JARC) has published lists
of agents that can cause cancer in humans and has
provided reliable data on human Carcinogenicity.44 Table 1
presented the results of the i vivo comet and MN assay
that have investigated the genotoxicity of potential

carcinogens classified by the IARC in carcinogenicity data-
base. Consequently, the genotoxicity results may enable
researchers to predict the carcinogenic potential of che-
micals (Table 1).

For a more comprehensive investigation of genotoxicity
in animal models, the National Toxicology Program (NTP)
has performed a combined assay using iz vivo comet and
MN assay.46 As the comet assay has been known to detect
most carcinogens that have been identified as equivocal or
negative in the MN assay, the results of both assays are
considerably regarded as complementary issue. Therefore,
the combined /n1 vivo genotoxicity assay has been recom-
mended to investigate genotoxic potential in several recent
1648 1 addition, the combined 2 vivo genotoxicity
assay has been regarded as a useful methodology for evalu-
ation of genetic hazard in safety risk assessment because it
offers two distinct genotoxicity endpoints. Based on the
advantages of the combined /2 v7vo genotoxicity assay, the
NTP has introduced this combined assay as a part of
detecting the genotoxicity of substances with public health
concern.” In both in vivo comet and MN assay, mouse
strains of BALB/c, C57BL/6, CD-1, ddy, NMRI and White
Swiss, and rat strains of F344, SD, and Wistar have been

studies.

extensively used. In particular, CD-1 mouse strain has
been mainly used in the comet assay while strains of F344
rat and SD rat have been frequently used in the MN assay.

The genotoxicity assays have been used for studying the
carcinogenesis of chemicals and assessing the potential
carcinogenicity of chemicals to humans.* The findings
based on comet assay and MN assay have shown corre-
lations between genotoxicity and preneoplastic/neopla-
stic changes. The /i vivo comet assay studies have been
performed to assess genotoxicity in terms of cancer de-
Velopment.7 In addition, correlations between MN induc-
tion and cancer development have been reported in seve-
ral studies.” Indeed, MN has been known as a mani-
festation of chromosomal instability that occurs in cancer.”
Numerous studies focused on the application of MN have
shown a significant increase of the MN frequency in peri-
pheral blood lymphocytes of cancer patients in compa-
rison with healthy control patients.” These studies have
suggested that increased results of the MN frequency are
related with an early step in carcinogenesis.”
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Table 1. Continued

Reference

Carcinogenicity
Data

Result of the Assays

Sampling
time

Route Dose

Tissue

Species

Chemical

(8]

IARC: nd

Positive in all organs at 200 mg/kg,

10, 100, 200 mg/kg 3, 24 h

Stomach, liver, po

ddy

Thiabendazole

Carcinogenicity: +

3 h treatment
only positive in stomach at 200 mg/kg,

kidney,

mouse

bladder,

24 h treatments (comet assay)

brain, bone
marrow, lung
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Few studies have been performed to investigate the
quantitative dose-response relationship between carcino-
genesis and /n1 vivo genotoxicity results. Among them, one
study was conducted to evaluate their quantitative rela-
tion. The quantitation utilized the lowest effective dose
(LED) derived from the in vivo genotoxicity tests (MN,
comet, sister chromatid exchange, and chromosome
aberration test) and the T25 as the chronic daily dose
(mg/kg/day that induces tumor in 25% at specific tissue)
from rodent carcinogenicity studies. The relation between
the LED and T25 was identified as a linear correlation.’*>
In addition, another study utilized the benchmark dose
(BMD) to evaluate the quantitative relation among them.
The BMD-based approach has been used for correlating
equipotent doses of carcinogenicity studies with equipo-
tent doses of /nn vivo genotoxicity studies. Likewise, posi-
tive relation between carcinogenicity and iz vivo geno-
toxicity results were identified using the BMD values. The
relation between the lowest BMD10 of MN and the
tissue-matched carcinogenicity BMD10 was evaluated,
and thus quantitative correlation was observed.*

As mentioned above, the comet and MN assay-based-
analysis would enable the prediction of the potential
carcinogenicity of diverse substances including chemical
and physical agents via carcinogenicity databases. Due to
flexibility feature, the in vivo comet assay can be incor-
porated into most standard testing batteries to provide
supplemental data of target tissue without requirement of
additional duration or resources in an independent experi-
mentation setting. To further achieve appropriateness of
study design and accuracy of comet data interpretation,
the recognition of significant discrepancy between the
comet assay and the MN assay are necessary for the
combination of either the comet assay or the MN assay with
standard genotoxicity tests and/or toxicological studies.
Herewith, the combined comet and MN assay protocol has
proven to be a sensitive and efficient for evaluating within
the same animals toward multiple classes of genotoxic
agents across a wide range of target tissues. This approach
takes advantage of the minimal use of animal number.
Taken together, these recommendations provide an
effective methodology for combining the iz vivo comet and
MN assays and for interpreting assay data. This approach

i Ip, Intraperitoneally; Po, Oral administration; lv, Intravenous; Nd, not determined; IARC 1, Carcinogenic to humans; IARC 2A, Probably carcinogenic to humans; IARC 2B,

Possibly carcinogenic to humans; IARC 3, Not classifiable as to its carcinogenicity to humans; IARC 4, Probably not carcinogenic to humans.
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would improve safety testing of critical target tissue data
with increased sensitivity while minimizing animal use,
reducing exposure times and toxicity. Further investi-
gations should be optimized for these two assays to take full
advantage of the increased sensitivity, capability, and
flexibility.

CONCLUSION

According to several studies and national/international
institution guidelines, integrating the iz v/vo comet and in
vivo MN assays has been successfully performed for
follow-up testing of positive in vitro results. They may be
served as potential tool for the assessment of local
gentoxicity, especially for tissues or cell types which
cannot be easily measured with other standard testing
methods. Several results of these two in vivo genotoxicity
assays may indicate that the genotoxicity has positive
correlation with the carcinogenicity. Such approach-
based findings will provide practical consequences in the
risk assessment processes and further development of
substances. In many studies, the two i vivo genotoxicity
assays have been extensively used to investigate the
chemicals classified by IARC, and the genotoxicity assay
results indicate that the carcinogenicity of potent sub-
stances can be predicted by the 7/ vivo comet and in vivo
MN assays. Therefore, the combined /n vivo genotoxicity
assay may be used to detect the carcinogenic potential of
substances for the prevention of cancer. Such appro-
ach-based findings will provide practical consequences in
the risk assessment processes and further development of
substances.
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