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Abstract

Purpose of Review The micronucleus (MN) assay is a validated method of genetic toxicology, widely used for human biomon-
itoring studies. This review summarizes and discusses current data regarding involvement of MN in pathogenesis of different
diseases, potential of MN assay to be used as cytogenetic diagnostic technique, as well as highlights current achievements in
studies concerning clinically relevant chromosomal instability using MN assay.

Recent Findings Recent studies suggested that MN are indicator of pathological events in affected as well as not affected “target”
tissues of an organism. They can be effectively used in risk assessment and to distinguish stage of pathological manifestations in
diseases. Molecular-genetic studies revealed that MN are not only the markers of, but at the same time inducers of genomic
instability.

Summary The MN assay is an informative cytogenetic tool, alone and in combination with molecular genetic methods. Although
it is not always clear if MN are a result or inducer of pathogenic effects, the vast number of clinical studies substantiated that they

have high potential for clinical practice, as they are associated with diseases.

Keywords Chromosomal instability - Cytogenetic diagnostics - Micronucleus (MN) assay - Pathogenesis

Introduction

Genomic medicine is based on the knowledge that virtually
every medical condition, disease susceptibility, or response to
treatment is caused, regulated, or influenced by genes. Genetic
testing therefore has the potential to add value across the whole
disease spectrum, ranging from single-gene disorders with a
Mendelian inheritance pattern to complex multi-factorial dis-
eases [1]. The relationship between genome stability and hu-
man health becomes most obvious in diseases typically charac-
terized by progressive deterioration of specific tissues, suscep-
tibility to cancer, chromosomal rearrangements, and hypersen-
sitivity to genotoxic agents [2, 3]. The identification of disease-
causing genetic changes, including chromosomal instability
(CIN) is an important diagnostic criterion that contributes to a
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better understanding of disease etiologies and the choice of
treatment [4]. Genetic changes may appear in the early stages
of a disease, long before the clinical manifestation, and can
serve as prognostic biomarkers. Disease prediction and diagno-
sis based on genetic testing is a broad field with diverse appli-
cations, ranging from karyotyping to screen for gross chromo-
somal abnormalities, to molecular-genetic-based detection of
single nucleotide exchanges. Nowadays implementation of ge-
netic findings in medical practice is not only a highly anticipated
approach but also current goal of human genetics studies [5].
Schrodi et al. [5] noted that at present, cancer research, popula-
tion screening for Mendelian diseases, and pharmacogenetics
have benefited the most from the application of genomics.
However, genetic-based individual prediction of disease re-
mains very difficult, as many issues have not been resolved yet.

The development of genetic biomarkers for diseases, confir-
mation of their sensitivity and specificity are being actively
realized [4, 6, 7]. At present, new biomarkers are mainly devel-
oped based on genomics, epigenetics, transcriptomics, proteo-
mics, and metabolomics [6]. Remarkably, a number of diseases
are accompanied by an increased level of chromosomal dam-
age. A universally accepted marker for detection and quantifi-
cation of genomic instability is the appearance and frequency of


http://crossmark.crossref.org/dialog/?doi=10.1007/s40142-018-0149-6&domain=pdf
mailto:rouben_a@hotmail.com

Curr Genet Med Rep (2018) 6:144-154

145

micronuclei (MN); the latter evolves within proliferating cells
after chromosome breakage or malsegregation. The MN test is
one of the most commonly used cytogenetic methods [8—10].
MN can only be observed in cells completing nuclear division,
which can be recognized by their binucleated appearance after
cytokinesis blocking with cytochalasin B. This so-called “cy-
tokinesis-block micronucleus assay”’ (CBMN) has evolved into
a more comprehensive method for quantifying chromosomal
instability, mitotic dysfunction, and cell death, and
denominated as the “cytokinesis-block micronucleus cytome
assay” (CBMNCyt) [11].

Quantification of MN frequency is easily performed in
each tissue undergoing proliferation, like stimulated lympho-
cytes or oral mucosa epithelia [8, 9] and epithelial cells of
other origin [12, 13]. CBMNCyt in peripheral blood lympho-
cytes is the most frequently applied biomonitoring method in
humans to evaluate genetic instability associated with cancer
risk and age-related degenerative diseases [11, 14-16]. The
“micronucleus cytome assay in buccal exfoliated cells”
(BMNCyt) provides complementary data regarding chromo-
somal damage and cytotoxic effects in an easily accessible
tissue not requiring cell cultivation [11, 17, 18]. It can be used
for accelerated aging, cancer, and neurodegenerative disease
risk assessment [18, 19].

Elevated levels of MN are indicative of defects in DNA
repair and chromosome segregation, which both can result
in chromosome instability, e.g., often seen in cancer. Thus,
causal relations between an increase of MN frequency and
cancer risk are suggested [20, 21] and increased levels of
MN can serve as a prognostic or diagnostic biomarker for
risk assessment of cancer and other diseases [22-24].
Furthermore, MN are now recognized to be involved in the
recently discovered phenomenon chromothripsis [25¢, 26e¢],
the latter being suggested to be a potential major contributor to
the initiation and development of human cancer.

In this review, we summarize the research on MN
frequency in peripheral blood lymphocytes, buccal mucosa,
and in other cells, being studied as potential biomarker to
identify individuals with certain pathologies and/or with in-
creased risk for different diseases, with main emphasis on
papers published since 2015.

Micronucleus Test

MN are small, extranuclear, chromatin-containing bodies
surrounded by a nuclear envelope. MN originate from acentric
chromosome fragments or whole chromosomes that fail to be
included in the daughter nuclei during mitosis [27]. There are
four major and two more additional possibilities for the fate of
an MN: (i) degradation of the MN or the micronucleated cell,
(ii) reincorporation into the main nucleus, (iii) extrusion from
the cell, and (iv) persistence in the cytoplasm. Two additional,

recently discovered possible fates include (v) premature chro-
mosome condensation/chromothripsis, and (vi) the elimina-
tion of micronucleated cells by apoptosis. The available data
is still limited, but degradation (i) and extrusion (iii) of MN
might occur in rare cases, reincorporation during the next
mitosis (i) occurs more frequently, and the majority of the
MN persist without alteration (iv) at least until the next mito-
sis, possibly much longer. MN exhibit different functional
activities, including replication, transcription, and DNA repair
[28¢].

MN test do not include direct observation of chromosomes;
however, the direct correlation between MN formation and
genomic damage makes them efficient cytogenetic alterna-
tives to metaphase analysis. The European Centre for the
Validation of Alternative Methods reported that the in vitro
MN assay is fully validated as an alternative to the chromo-
somal aberration assay, in a regulatory setting [29]. High con-
cordance between the CBMN and the chromosomal aberra-
tion assays was confirmed by analyzing data collected in vitro
from 112 structurally diverse potential pharmaceuticals [30].

Originally, MN were evaluated on preparations simply
stained by Giemsa. As MN expression requires cell division,
CBMN assay was established, and MN were scored in binu-
cleated cells, only. Over time, CBMN assay has evolved into
CBMNCiyt assay, for simultaneous measuring of DNA dam-
age, cytostasis, and cytotoxicity [8, 27, 31]. CBMNCyt assay
is used in cultured human and/or mammalian cells, mainly in
lymphocytes, to evaluate DNA damage in only once-divided
binucleated cells after induction by a substance to be tested.
Evaluation includes (a) number of MN as a marker of chro-
mosome breakage and/or whole chromosome loss; (b) nucle-
oplasmic bridges (NPBs), as a marker of DNA misrepair and/
or telomere end-fusions; and (c) nuclear buds (NBUDs), a
marker of elimination of amplified DNA and/or DNA repair
complexes. Cytostatic effects are measured via the propor-
tion of mono-, bi-, and multi-nucleated cells, and cytotox-
icity via necrotic and/or apoptotic cell ratios [31]. BMNCyt
assay is used in non-cultivated human buccal mucosal tis-
sue, to evaluate DNA damage (MN and/or NBUDs), cyto-
kinetic defects (binucleated cells) and proliferative poten-
tial (basal cell frequency), and/or cell death (condensed
chromatin, karyorrhexis, pyknotic, and karyolytic cells)
[9, 17]. The biomarkers measured in CBMNCyt and
BMNCyt assays have been associated with increased risks
of accelerated aging, cancer, and neurodegenerative dis-
eases [8,9, 17, 27, 31].

The level of MN expression in lymphocytes and buccal
cells depends on various factors, including methodological,
demographic, and genetic background, as well as lifestyle
and exposure of tested person, which need to be recorded
and systematically considered [8]. Inter-individual variability
in metabolism or exposures to exogenous and endogenous
agents can interfere with MN expression. Methodological
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differences in collection of buccal cells, fixation, staining pro-
cedures, number of cells counted, and scoring criteria have
also proven to affect the results [32]. A study of 200 healthy
subjects from Croatian population confirmed an association of
the CBMNCyt parameters with age, gender, and lifestyle fac-
tors [33]. Such kind of variability in MN results is one of the
main limitations in their practical application in clinics [32];
more studies are needed to identify relevant responsible fac-
tors, in order to minimize their impact.

The activities of the International Human Micronucleus
(HUMN) Project include, among others, evaluation of the
association of MN frequency with disease outcome and
predicting cancer risk and other diseases in healthy subjects
[34, 35].

Micronuclei in Peripheral Blood Lymphocytes,
Diagnostic and Prognostic Significance

According to the literature, the CBMN endpoints in peripheral
blood lymphocytes (PBL) are sensitive biomarkers being as-
sociated with different specific diseases. MN and other nucle-
ar anomalies are biomarkers of genotoxic events and manifes-
tations of CIN often seen in cancer [8, 14, 15, 36, 37]. Data
obtained on a large sample of 6718 individuals from ten coun-
tries have shown that cancer incidence was significantly
higher in tested individuals with medium and high MN
frequency [36]. The association between MN frequency and
cancer risk in non-hematological malignancies [3, 15] sug-
gests that genome damage events in lymphocytes may also
correlate with cancer of other tissues [36]. An increase in the
level of MN numbers is also described in autoimmune [38],
cardiovascular, metabolic, respiratory, and neurodegenerative
disorders [39¢].

One of the hallmarks of cancer is CIN, a source of genetic
variation in either altered chromosome number or structure.
CIN has become a hot topic in recent years, not only for its
implications in cancer diagnostics and prognostics, but also
for its role in therapeutic response [40]. CBMN endpoints
provide a measure of genome damage and/or CIN [41]. The
review of Bhatia and Kumar [42] on morphological indicators
of CIN in cancers suggests that they may be useful in cancer
diagnosis and assessing its behavior.

Studies performed between 2015 and 2018 basically con-
firm the previously shown sensitivity of CBMN assay in PBL
for cancer risk assessment (Table 1). Increase of CBMNCyt
endpoints was shown in patients with prolactinoma (pituitary
adenoma) [43], bladder cancer [21], and papillary thyroid can-
cer [44] compared with controls. Based on the level of MN,
discrimination may be possible among patients without and
with endometrial precancerous lesions and endometrial cancer
[45]. CBMNCyt endpoints in breast cancer patients relate with
levels of vitamin B6 [46].
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CIN is the hallmark of most colorectal cancer (CRC) cases
(80—-85%). However, clinicians still cannot achieve the best
possible disease monitoring, even when a wide panel of
markers is used. Data from various studies using PBL samples
indicate that MN frequency is a promising biomarker for the
early detection and prognosis of CRC. However, more studies
are needed in order to describe with certainty the true potential
of this biomarker [4]. YH2AX, as marker of DNA DSBs and
MN, provides insights into individual genomic instability dur-
ing progression to CRC, including inflammatory bowel dis-
ease as predisposing pathology, and polyps as pre-cancerous
state [2]. MN frequency was not predictive for colorectal neo-
plastic lesions in medium-risk patients; however, nuclear di-
vision index (NDI) was significantly lower for CRC patients
and may later play a role as a CRC-screening test [20].

Clinical relevance of CBMN parameters confirmed for pa-
tients with cervical intraepithelial lesions infected with human
papilloma virus (HPV) which is a predisposing factor of ma-
lignant transformation [7]. Undiagnosed chronic obstructive
pulmonary disease smokers can harbor genetic damage, due to
susceptibility to tobacco smoke carcinogens that may be a
mediator in lung carcinogenesis [47].

For localization of genomic regions associated with CIN,
MN test is applied together with the fluorescence in situ hybrid-
ization (FISH) [48°, 49+]. MN and NPB formation were detect-
edin Hodgkin lymphoma cells. FISH painting of chromosomes
9 and 16 demonstrated defects in chromosome segregation and
the presence of NPBs. Application of telomere and centromere
probes permitted to visualize multiple MN with only centro-
mere sequences (terminal deletion) and MN with telomere
and centromere sequences (chromosome lagging). In addition,
the presence of telomere and centromere sequences in the NPBs
demonstrated the presence of dicentric chromosomes related to
telomere fusion. No correlation between chromosomal aberra-
tions and clinical outcomes has been investigated in Hodgkin
lymphoma patients. One of the possible mechanisms of geno-
mic instability can be MN formation, that leads to subsequent
chromothripsis [48¢]. Significantly higher levels of CBMN
endpoints were observed in small cell lung cancer (SCLC)
and non-small cell lung cancer (NSCLC) patients compared
to controls. Chromosomes 5 and 17 were associated with MN,
and chromosomes 5, 18, 20, and 22 were associated with NPBs
in SCLC patients. Given the high frequency of chromosomal
aberrations observed in SCLCs, chromothripsis can be consid-
ered as potential mechanisms for CIN in these patients [49°].
While the studies of Cuceu et al. [48¢] and El-Zein et al. [49¢]
provide data about involvement of chromosomes in spontane-
ous MN formation in cells of untreated cancer patients, studies
on inclusion of chromosomes in MN induced by anticancer
drugs could also shed light on possible cytogenetic targets for
anticancer therapy [61, 62].

A literature review on presence of chromosome damage in
the most common non-communicable diseases (such as
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Table 1 CBMNCyt endpoints in lymphocytes of patients reported in publications of 2015-2018
References Diseases CBMNCyt endpoints Clinically relevant
associated with the markers associated
disease with CBMNCyt
endpoints

Bitgen et al., 2016 [43]

Pardini et al., 2017 [21]
Geric¢ et al., 2015 [44]
Kiraz et al., 2016 [45]

Wau et al., 2016 [46]
Lombardi et al., 2015 [2]

Tonescu et al., 2015 [20]

Gashi et al., 2018 [7]
Karpman et al., 2018 [47]
Cuceu et al., 2018 [48¢]
El-Zein et al., 2017 [49+]

Ipek et al., [16]

Prasad et al., 2015 [50]
Salimi et al., 2016 [51]

Karaman et al., 2015 [52]

Guido et al., 2016 [53]
Donmez-Altuntas et al., 2017 [54]

Francois et al., 2016 [55]
Xavier et al., 2017 [56]

Ferro et al., 2017 [57]
Francies et al., 2017 [58]
Sogié et al., 2017 [59]
Coppede et al., 2016 [60]

Prolactinoma (pituitary adenoma)

Bladder cancer
Papillary thyroid cancer

Endometrial precancerous lesions
and endometrial cancer

Breast cancer

Inflammatory bowel disease
and polyps
Colorectal neoplastic lesions

(hyperplastic polyps,
adenomas, adenocarcinomas)
Cervical intraepithelial lesions

Lung cancer
Hodgkin lymphoma

Small cell lung cancer and
non-small cell lung cancer
Coronary artery disease

Diabetes

Diabetes, diabetic nephropathy,
and nephropathy
Metabolic syndrome

Chronic renal failure

Multinodular goiter

Mild cognitive impairment
Non-syndromic cleft lip and/

or palate
3-Thalassemia

Fanconi anemia
Thrombophilia during pregnancy

Young mothers of Down
syndrome individuals

MN, NPBs, NBUDs,
apoptosis and necrosis

MN and NBUDs
MN, NPBs, and NBUDs
MN and NDI

MN, NPBs, and NBUDs,
apoptosis and necrosis
MN in mononucleated cells
in subjects with polyps

NDI

MN, NPBs, and NBUDs
MN, NPBs, and NBUDs
MN and NPBs

MN, NPBs, and NBUDs

MN and NDI

MN, NPBs, and NBUDs
MN

MN

MN

MN, apoptosis, and necrosis

MN and NBUDs
MN, NBUDs, and NPBs

MN
MN
MN
MN

Prolactin levels and
pituitary adenoma
diameters

Neoplastic and the
pre-neoplastic
conditions

Vitamin B6 levels

HPYV infection

Coronary atherosclerosis
severity indices
SYNTAX and Gensini

Neuropathy

‘Waist circumference,
body-mass index,
and plasma
triglyceride levels

Plasma 8-hydroxy-2'
-deoxyguanosine
(marker of oxidative stress)

Serum ferritin

Abbreviations: MN micronuclei, NPBs nucleoplasmic bridges, NBUDs nuclear buds, NDI nuclear division index

cardiovascular, metabolic, respiratory, and neurodegenerative
ones) was carried out by Milic et al. [39¢]. Increased levels of
MN in PBL were shown in all of these disease groups, and
thus could play a role in disease development and progression.
In the literature published since 2015, previously obtained
data were basically confirmed. A study of cardiovascular pa-
tients showed that as the degree of atherosclerosis increases

and coronary flow worsens MN frequency in PBL increases
and NDI decreases [16]. In diabetes, the oxidative stress is
augmented leading to DNA damage, which is potentially
linked to diabetic complications. CBMN endpoints are signif-
icantly higher in diabetes patient, both with and without neu-
ropathy, than in controls. Patients with neuropathy demon-
strated higher frequency of nuclear aberrations as compared
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to the group without neuropathy [50]. MN level was signifi-
cantly higher in diabetes, diabetic nephropathy, and nephrop-
athy patients with no sign of diabetes, compared with controls.
These results indicate that increased genomic instability
expressed as MN is associated with nephropathy [51]. Both
studies [50, 51] concluded that the implementation of CBMN
assay at the clinical level would greatly enhance diagnosis,
care, and management of diabetes patients. MN frequency
was also significantly increased in patients with metabolic
syndrome highlighting the value of this assay as biomarker
[52].

Both, chronic renal failure and the dialysis used to treat
chronic renal failure can contribute to chromosomal and/or
genomic damage and increase of MN [53, 63]. Overall, MN
frequency has the potential to predict chronic kidney disease
associated complications [64].

Increased levels of CBMN endpoints and oxidative stress
among patients with multinodular goiter (enlarged thyroid)
may predict an increased risk of thyroid cancer [54].

An increase in lymphocyte CBMNCyt biomarkers may be
associated with cognitive decline, as well and may be in-
volved in the early development of Alzheimer’s disease [55].

CIN, including MN formation, is a significant factor in
development of the non-syndromic cleft lip and/or palate
(NSCL/P) [56]. Levels of MN were significantly higher in
transfusion-dependent [3-thalassemic patients so regular mon-
itoring of genomic instability can reduce risk of malignance,
and/or lead to faster diagnoses [57]. The spontaneously occur-
ring MN rates of the Fanconi anemia (FA) patients are signif-
icantly higher compared to the control group, indicating ge-
nomic instability. Tonizing irradiation- or mitomycin C-
induced MN in lymphocytes of FA patients were also higher
than in FA parents and controls. In mitomycin C-induced MN
frequencies, a clear distinction between FA homozygotes, FA
heterozygotes, and controls was observed. Thus, MN could be
useful biomarker in epidemiological studies to distinguish
populations that are more sensitive to genotoxic agents [58].
Pregnant women with thrombophilia have more chance of
having a higher frequency of MN than pregnant women with
no thrombophilia, probably because of oxidative stress initi-
ated by prothrombotic condition [59].

MN test can also find its practical applications in perinatol-
ogy. Despite that advanced maternal age represents the major
risk factor for the birth of a child with Down syndrome (DS),
most of DS babies are born nowadays from young women
aging less than 35 years. An increased frequency of MN,
shorter telomeres and impaired global DNA methylation were
found in PBL of young mothers of DS individuals. The fre-
quency of micronucleated lymphocytes correlated with meth-
ylenetetrahydrofolate reductase promoter methylation levels
[60]. The baseline frequency for CBMNCyt markers de-
creased at 3 and 6 months relative to values measured in cord
blood at birth. The study did not find correlation between
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mother‘s lifestyle characteristics (smoking, alcohol intake,
folic acid consumption) and CBMN biomarkers measured in
cord blood. Authors [65] provided baseline data on MN levels
for further studies of DNA integrity and stability at the earliest
phase of life and changes in DNA damage in the human life
cycle.

In conclusion, chromosome damage and cytotoxic effects
measured in PBL with application of CBMNCyt could be
used to improve individual risk assessment, disease character-
ization, and more precise therapeutic intervention. Assuming
that mechanisms of DNA damage and repair are similar in
different tissues, peripheral lymphocytes can serve as an ex-
cellent marker, because of their short half-life and wide pres-
ence in the body [39¢]. DNA damage and chromosomal alter-
ations in PBL go together with DNA mutations in tumor tis-
sues of different origin, and can be an informative biomarker
not only of hematological but also of any other diseases. MN
arise during precancerous and cancerous conditions and there-
fore are a valuable predictive indicator. Identifying this high-
risk sub-group would have value for developing interventions
and disease prevention. Application of molecular cytogenetic
(FISH) techniques together with MN test will permit to precise
genomic regions involved in CIN. The results accumulated so
far substantiate the idea of introducing MN test as biomarkers
into the clinical decision process [39¢].

Micronuclei in Buccal Cells, Diagnostic,
and Prognostic Significance

The study of DNA damage in exfoliated cells collected from
the oral cavity holds great promise as a minimally invasive
method. Buccal cells constitute the first point-of-contact for
the inhalation or ingestion route, and are capable of metabo-
lizing carcinogens to reactive products. MN in buccal cells are
a valid method for the detection of cancer risk in humans, as
the majority of tumors derive from epithelial. With respect to
oral mucosa, it has been described that MN are observed in the
basal layer of epithelial tissues, and their presence can reflect
genotoxic damage that occurred up to 14 days prior to sample
collection [38]. Moreover, buccal cells have been shown to
have limited DNA repair capacity compared to PBL, and
therefore may more precisely reflect genomic instability [66].

Bolognesi et al. [67] reviewed clinical applications of the
MN test in exfoliated buccal mucosa cells in patients with oral,
head-and-neck, breast, bladder, and other cancers, oral prema-
lignant or non-malignant diseases, diabetes, different chronic
diseases as well as with AD and DS. Heterogeneity in study
designs with different schemes of subject recruitment and ex-
perimental protocols complicated the comparative analysis of
available data. Our review here provides an update on the
clinical application of the MN test in buccal cells since
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2015. Accordingly MN evaluation in buccal cells allows for
the characterizing of oral cavity diseases.

An association of MN presence in buccal cells and
smoking was analyzed in a systematic review of de Geus et
al. [66]. Despite the high variation in the methodology of the
assessed studies, enhanced BMNCyt endpoints of smokers
compared to nonsmokers was demonstrated. This confirmed
the association of the tobacco-exposure with cytotoxic and
genotoxic effects in buccal cells, that increase the cancer risk.
It is noteworthy that the review of de Geus et al. [66] includes
publications until 2014; after 2014, MN studies among
smokers decreased; instead more analyses of other genotoxic
risk factors were done by MN test (Table 2). Increase of MN
number in buccal cells of individuals using various tobacco
forms (smokeless tobacco and smoking tobacco) with poten-
tially malignant oral diseases (leukoplakia, oral submucous
fibrosis, lichen planus), oral squamous cell carcinoma
(OSCC) and oral submucous fibrosis (OSMF) was shown
[68-70].

MN frequency increased in potentially malignant, OSCC
and OSMF groups compared to control and therefore can be
considered as marker of epithelial carcinogenic progression.
Similar results were obtained by Kohli et al. [71] who com-
pared MN frequency in normal mucosa, in individuals using

various tobacco forms without oral leukoplakia, and areca nut
chewers with OSMF.

In addition to diseases of the oral cavity, the increase of
BMNCyt endpoints was also reported for various diseases
with pathology of other tissues. Increase of BMNCyt end-
points in breast cancer patients with smoking habit was more
frequent before and during therapies compared to control [72].
In children with chronic kidney disease, elevation of BMNCyt
markers was observed in the pre-dialysis stage, on regular
hemodialysis and after transplantation [22]. These results were
confirmed in another study indicating that MN frequency can
increase due to the disease-state/dialysis/drug therapy [23].

Statistically significant increase in BMNCyt parameters was
observed in sickle cell anemia patients compared with controls
[73]. Concentration of plasma vitamin B12 in AD cases showed
apositive correlation with number of MN and basal cells, while
plasma homocysteine showed a negative correlation with
karyorrhectic cells which may be explained by lower vitamin
B12 and higher homocysteine levels, respectively [24].
Increase of nuclear abnormalities (NAs: micronucleated cells,
binucleated cells, pyknotic nuclei, karyorrhexis, karyolysis, ab-
normally condensed chromatin, and NBUDs) in buccal cells
were observed in patients with controlled or uncontrolled dia-
betes mellitus (DM) type I or II. BMNCyt parameters were

Table2 BMNCyt endpoints in buccal cells of patients reported in publications of 2015-2018
References Diseases BMNCyt endpoints Clinically relevant
associated with the markers associated
disease with BMNCyt
endpoints
Dosi et al., 2016 [68] Oral leukoplakia MN -
Sangle et al., 2016 [69] Leukoplakia, oral MN -
submucous fibrosis,
and lichen planus
Shah et al., 2015 [70] Oral submucous fibrosis, MN -
oral squamous cell
carcinoma
Kohli et al., 2017 [71] Oral leukoplakia, oral MN -

submucous fibrosis

Paz et al., 2018 [72] Breast cancer

Aykanat et al., 2016 [22] Chronic kidney disease

Gandhi et al., 2017 [23] Renal disease

Naga et al., 2016 [73] Sickle cell anemia

Thomas and Fenech, 2015 [24] Alzheimer’s disease

Gomez-Meda et al., 2016 [74] Type I or II diabetes mellitus

Karyorrhexis and karyolysis -

MN, binucleated, and condensed
chromatin cells

Pre-dialysis stage,
regular haemodialysis,
post-transplantation

MN, binucleated, and pyknotic cells Disease state, dialysis,

drug therapy

MN, binucleated cells, pyknosis, -
and karyolysis

Basal, condensed chromatin,
and karyorrhectic cells

Plasma vitamin B and
homocysteine

MN, binucleated cells, pyknosis,
karyorrhexis, karyolysis,
abnormally condensed

chromatin, and NBUDs

Folic acid deficiency

Abbreviations: MN micronuclei, NBUDs nuclear buds
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significantly reduced after folic acid (antioxidant) supplemen-
tation confirming the idea that free radicals are responsible for
the increased frequency of NAs in DM patients [74].

In conclusion, the literature reviewed represents diagnostic
importance of MN scoring in buccal cells in clinical patholo-
gy. MN detection is an important step in the field of cancer
prevention and therapeutics. In some cases of chronic diseases
elevated levels of MN can be considered as indicator of higher
risk for cancer development. Hence, MN are important bio-
markers with huge potential in screening and predicting pa-
tients with oral (potentially) malignant disorders and also can
act as risk assessors in patient’s ongoing treatment for cancer.
The increase in MN frequencies from normal mucosa to po-
tentially malignant disorders to oral and non-oral cancer sug-
gests a link of this biomarker with malignant neoplastic pro-
gression. The assay also has applications in non-target-tissue
disease-monitoring.

Comparison of Micronuclei Results
in Peripheral Blood Lymphocytes and Buccal
Cells

For the first time, MN assay was simultaneously used to detect
baseline genetic damages both in lymphocytes and buccal
cells in patients having cervical lesions. MN in PBL and buc-
cal cells, and NPB and NBUD in PBLs only, were increased in
high-grade squamous intraepithelial lesions and squamous
cervical cancer patients. Overall, MN frequency in buccal
cells was correlated positively with MN frequency in PBL
[7]. Older adults with frailty syndrome had significantly
higher frequencies of MN in lymphocytes and of binucleat-
ed buccal cells, and lower frequencies of pyknotic and con-
densed chromatin buccal cells, than non-frail subjects.
Similar results were obtained on cognitive status.
Moreover, presence of frailty and cognitive impairment
were independently related to increases in frequencies of
PBL-associated MN and binucleated buccal cells. Thus,
MN frequencies in lymphocytes were positively correlated
with binucleated buccal cells [75].

A review [38] provided information about MN frequencies
in autoimmune diseases (AD1i) in lymphocytes, buccal muco-
sa, and fibroblasts. MN frequency was evaluated in different
pathological conditions, including hyperthyroidism, diabetes
mellitus, multiple sclerosis, vitiligo, psoriasis vulgaris, rheu-
matoid arthritis, systemic lupus erythematosus, systemic scle-
rosis, and others. The increased level of MN was revealed in
all ADi cases that were included in this review, even though it
is not known if this is cause or consequence of the disease.
MN frequencies tend to be higher in systemic ADi when com-
pared to local affections. The presence of inflammatory cyto-
kines, reactive oxygen species, and nitric oxide can be in-
volved in the pathology of ADi as well as in the generation
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of MN. MN frequencies tended to be higher in lymphocytes
than in buccal mucosa cells, irrespective of the disease evalu-
ated. Furthermore, PBL-associated MN frequencies have high
variability in ADi and healthy subjects.

Micronuclei in Cells of Different Origin,
Diagnostic and Prognostic Significance

Only in few studies the MN levels were also evaluated in cells
of other origin than PBL and buccal cells; however, such
studies are limited by ethical considerations and possibility
of material acquisition, e.g., during surgeries.

There was a gradual increase in MN scores in epithelial
cells on breast cytology smears from benign to malignant
category [13]. Statistically significant differences were found
in the number of micronucleated cervical cells between pa-
tients with papillomavirus infection and healthy women.
Moreover, significant associations were found between MN
expression and both the degree of uterine lesions and viral
load [12]. MN scores in cervical cytology smears were signif-
icantly different between patients with endometrial carcino-
ma, atypical and benign cells [76]. A statistically significant
difference between the presence of MN and karyorrhexis was
shown in exfoliated cervical epithelial cells of Trichomonas
vaginalis-infected group [77]. MN in cervical exfoliated cell
smears was significantly higher in high-grade squamous
intraepithelial lesion and invasive carcinoma cases compared
to low-grade squamous intraepithelial lesion and non-
neoplastic cases [78]. The risk of cervix cancer can be
assessed in urothelial cells isolated from urine (if specimen
appropriately handled cells can be stored up to 24 h), which
is much easier to obtain than blood or cervix epithelium sam-
ples. A statistically significant difference in MN levels was
found in patients with normal cervix and cervix erosion, hy-
pertrophy, or abnormal growth [79]. It was shown that the
number of micronucleated cells in pleural effusion cytology
samples was significantly higher in patients with malignant
outcome compared to cases with benign outcome [80].

While CIN in somatic cells may be a predisposing factor
for neoplasia in germ cells, it may affect fertility. In fact, one
of the main reasons for the limited success of in vitro fertil-
ization are chromosomal abnormalities. Carbone and Chavez
[81] discussed pre-implantation chromosomal instability in
embryos, including MN formation, and its potential transla-
tion to clinical applications in reproductive medicine.
Daughtry and Chavez [82] reported findings of MN in
cleavage-stage human embryos and confirmed that identifi-
cation of aneuploid embryos is actual task of pre-
implantation genetic screening.

In conclusion, the possibility of MN test application in
tissues of various origins allows evaluating CIN in targets of
pathological processes, which is of particular interest from the
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point of view of application in practical medicine. Tissue sam-
ples can be taken during medical procedures and the results of
these analyses can complement medical data.

Micronuclei and Chromothripsis

Chromothripsis is a recently described “chromosome catastro-
phe” phenomenon in which multiple genomic rearrangements
are generated in a single catastrophic event. A model correlat-
ing MN formation with chromosome pulverization was pro-
posed by Crasta et al. [25¢¢] and confirmed by Zhang et al.
[26¢¢]. Crasta et al. [25¢°] studied nocodazole-induced forma-
tion of whole-chromosome containing MN in vitro. These
MN undergo defective and asynchronous DNA replication,
resulting in DNA damage and often extensive fragmenta-
tion of the chromosome. Pulverization of chromosomes in
MN may be one of explanations for chromothripsis in can-
cer and developmental disorders, where isolated in MN
chromosomes undergo massive local DNA breakage and
rearrangement. Chromosomes within MN can reincorporate
into daughter nuclei following mitosis, the remaining MN
persisted in cells well into the second generation. Thus,
mutations, being present in MN, can be incorporated into
a stably transmitted genome. Zhang et al. [26°¢] demonstrat-
ed by a combination of live cell imaging and single-cell
genome sequencing, that MN formation can indeed gener-
ate a spectrum of complex genomic rearrangements.
Authors proposed that the physical isolation of chromo-
somes in MN might explain the localization of DNA lesions
in chromothripsis. The traditional conception of MN
formation thus has at least partially been overturned. MN
have evolved from passive indicators of DNA damage to
active players in the formation of DNA lesions, thus
unraveling previously unforeseen roles of MN in the origins
of CIN in tumors [83—85]. As chromothripsis has most fre-
quently been associated with cancer [86, 87] and less often
described in patients with developmental disorders and con-
genital anomalies [88, 89], there is no direct evidence, but it
is possible that also in the latter cases chromothrypsis could
arise due to the formation of MN.

Conclusions

Review of publications for 2015-2018 indicates a high
sensitivity of MN assay in PBL, buccal, and other cells
for evaluation of genotoxic, cytotoxic, and cytostatic ef-
fects associated with different diseases. Almost all studies
show an increase in the levels of MN and/or nuclear anom-
alies in patients with different pathologies. The results pre-
sented indicate that the MN assay is a sensitive prognostic
and diagnostic biomarker. One of the main problems of

using MN test in clinics are the variability of the results
and the complexity of taking into account the effects of
endogenous and exogenous confounding factors. The
cause of increased level of CIN in patients often remains
unclear; only in some cases it can be associated with oxi-
dative stress. It is not always clear whether an increase in
MN is the cause or consequence of pathological processes
in the organism. There are pathologies in which an increase
in MN is shown in both leukocytes and buccal cells (dia-
betes, breast cancer, renal diseases). Thus, the MN test
demonstrated that CIN can develop in different tissues,
and not only in disease targets. Recently identified rela-
tionships between MN and chromothripsis increased sig-
nificantly the importance of MN research in pathologies.
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