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Abstract:

The technique of in situ hybridization (ISH) using radioactively labeled DNA probes was first
described in the late 1960s and early 1970s. The first use of fluorescence in situ hybridization
(FISH) was reported in 1980s where RNA labeled with a fluorophore at the 3’ end was used
to detect specific DNA sequences. Since then, the technique has undergone various
modifications for detecting single genes, chromosomes and whole genomes on various
targets such as interphase nucleus, prematurely condensed chromosomes, metaphase
chromosomes, fresh and paraffinized tissue sections. Although FISH is quite frequently used
in clinical diagnostics, its use has recently been extended to the field of radiation
biodosimetry where both stable (translocations) and unstable aberrations (dicentrics and
rings) are detected with high resolution for estimating the absorbed radiation dose in
humans after incidental, accidental or occupational exposure to ionizing radiation. This
review summarizes the diverse applications of FISH in radiation biodosimetry that range
from radiation dose estimation to prediction of deterministic (i.e. acute radiation syndrome
severity) and stochastic (i.e. genetic mutations and cancer) effects in the affected human
population.

© 2018 by the author. This is an open access article distributed under the

@ @ conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.



file:///E:/刘侠/文档/工作-刘侠/期刊/稿件/obm-genetics-0229/6-proof/Applications%20of%20Fluorescence%20in%20Situ%20Hybridization

OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804042

Keywords

Fluorescence in situ hybridization; metaphase chromosomes; dicentric chromosome assay;
translocations; inversions; retrospective biodosimetry; radiation dose assessment;
radiological/nuclear mass-casualty incidents and carcinogenesis

1. Introduction

Several endogenous and exogenous DNA damaging agents constantly threaten the integrity of
genomic DNA in prokaryotes and eukaryotes. Endogenous agents include the generation of
reactive oxygen species (ROS) and reactive nitrogen species (RNS) through normal cellular
metabolic activities. Exogenous DNA damaging agents such as ultraviolet (UV) light and ionizing
radiation (IR) induce different types of lesions ranging from bulky DNA helix distorting adducts to
DNA single strand breaks, double strand breaks, base damage and DNA-protein crosslinks.
Occurrence of two or more of these lesions within a single helical turn of DNA in close proximity
can lead to the formation of clustered lesions. These simple and complex lesions, if mis-repaired,
will be manifested as unstable and stable chromosomal aberrations. While chromosomal
aberrations in somatic cells can lead to cancer development processes, germ cells with
chromosome anomalies can result in heritable genetic disorders. Prior to the development of
Fluorescence in situ hybridization (FISH) technique, congenital and DNA damage induced
chromosomal aberrations were analyzed by conventional chromosome banding techniques.

Development of in situ hybridization (ISH) technique using radioactively labeled DNA/RNA
probes in the late 1960s and early 1970s [1-4] has completely revolutionized the study of
chromosomes owing to its sensitivity, stability and reliability over the conventional chromosome
staining techniques. Subsequent advancements made in DNA and RNA labeling methods for genes,
chromosomes and whole genomes have facilitated the analysis of both numerical and structural
chromosomal aberrations in both basic and clinical laboratories. The nature and frequency of
ionizing radiation (IR) induced chromosomal aberrations largely depend on quality, which is
defined by Linear Energy Transfer (LET). LET refers to the amount of energy deposited by an
ionizing particle on a material per unit distance of traverse. Low LET radiation includes X-rays and
y-rays that produce sparsely ionizing events. In contrast, high LET radiation such as a-particles
(emitted from Plutonium 239 and Americium 241) and neutrons generates densely ionizing events.

Initially, IR induced chromosomal aberrations in human peripheral lymphocytes were primarily
detected by Giemsa staining. Bender and Gooch [5] first described the use of a unique
chromosome anomaly known as “dicentric chromosome” for estimating the absorbed radiation
dose in humans. lllegitimate rejoining of DNA double strand breaks (DSBs) induced in two or more
chromosomes results in the formation of a dicentric chromosome. A schematic diagram describing
the mechanism for IR induced dicentric chromosome formation is shown in Figure 1. Formation of
dicentric chromosomes (abnormal chromosomes with two centromeres) is highly specific to IR and
occurs in a radiation dose dependent manner in human lymphocytes under both in vivo and ex
vivo conditions. Although Giemsa staining of chromosomes is still the preferred and cost effective
method for detecting dicentric chromosomes, FISH based methodology using either pan
centromeric DNA probe or centromere specific peptide nuclei acid (PNA) probe has been gaining
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prominence because of ease of detection and high resolution. Additionally, development of
different fluorescently labeled probes for specific genes and chromosomes have enabled the
detection of IR induced chromosomal aberrations in the cytogenetic follow up studies performed
on the victims of mass-casualty incidents at Chernobyl [6, 7] and Goiania [8, 9]. Generation of DNA
probes for multicolor FISH (mFISH) and spectral karyotyping (SKY) in the late 1990s for painting the
entire human genome has allowed the monitoring of genome wide chromosomal alterations in
general and IR induced complex chromosomal exchanges in particular. Subsequent development
of chromosome specific multicolor band probe [10] has improved the detection of
intrachromosomal exchange events (paracentric and pericentric inversions) that are efficiently
induced by high doses of IR [11-15]. Availability of gene specific probes has facilitated the
detection of copy number changes and gene loci interactions not only in the metaphase
chromosomes but also in the interphase nucleus.
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Figure 1 A schematic diagram showing ionizing radiation induced dicentric
chromosome formation due to mis-rejoining of DNA double strand breaks induced on
two chromosomes. Dicentric chromosomes are invariably accompanied by acentric
fragments.

Availability of FISH probes for specific chromosomes and the entire human genome allows the
detection of a whole spectrum of interchromosomal (dicentrics translocations and fragments) and
intrachromosomal (rings, deletions and inversions) aberrations induced by various DNA damaging
agents including IR. Representative FISH pictures for IR induced asymmetrical (dicentrics and rings)
and symmetrical (translocations and inversions) chromosome aberrations are shown in Figure 2. In
recent years, attempts have been made to compare the ratios of different chromosome
aberration types for defining the “cytogenetic fingerprints” specific for different DNA damaging
agents. There are four ratios that are commonly used: (I) “F’- ratio of interchromosomal
exchanges to intrachromosomal inter-arm exchanges (i.e. dicentrics to centric rings), (Il) “G”- ratio
of intrachromosomal intra-arm exchanges to intrachromosomal inter-arm exchanges (i.e.
interstitial deletions to centric rings; paracentric to pericentric inversions), (lll) “C”-ratio of
complex exchanges to simple exchanges (i.e. translocations and insertions) and (IV) “H”-ratio of
intra-arm intrachromosomal changes to interchromosomal exchanges (i.e. interstitial deletions to
dicentrics). Frequency of occurrence of different types of chromosomal aberrations induced as a
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function of radiation quality is summarized in Table 1. Comparisons of different ratios for inter-

and intrachromosomal aberrations would not have been possible without the development of
FISH based technologies. This review summarizes the current and future applications of various
FISH based techniques in detecting the absorbed radiation dose in occupationally or accidentally

exposed human population.

Chromosomal Aberrations for Radiation Biodosimetry
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Figure 2 Use of FISH based technologies for detecting asymmetrical (dicentrics and
rings) and symmetrical (translocations and inversions) chromosomal aberrations in ex
vivo irradiated human lymphocytes.

Table 1 Comparison of various ratios of inter- and intrachromosomal aberrations
induced by different radiation qualities

Ratio Type of Aberrations Radiation Quality Range Ref
Interchromosomal v-rays (2 Gy) 10-15 95
F exchanges to y-rays (5 Gy) 9-11 95
intrachromosomal inter- *Fe ions (1 GeV/nucleon, 140 keV/um; 9-11 95
arm changes 3 Gy)
Intrachromosomal intra-
G arm exchanges to y-rays (2, 4 and 6 Gy) 2-4 94
intrachromosomal inter-
arm exchanges
Intra-arm y-rays (2,4 and 6 Gy) 0.2-0.4 94
H intrachromosomal a-particles (***Am source; 0.1-1 Gy) 0.4-0.5 93
changes to
interchromosomal
exchanges
Complex exchanges to Protons (1 Gy; 28.5 keV/um) 0.1-0.2 96
C simple exchanges Helium 4-ion (1 Gy; 62 keV/um) 0.1-0.2 96
Carbon ion (1 Gy; 96 keV/um) 0.2-0.3 96
Carbon ion (1 Gy; 252 keV/um) 0.6-0.7 96
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2. FISH Based Detection of Dicentric Chromosomes for Absorbed Radiation Dose Assessment in
Humans after Occupational and Accidental Exposure

Human exposure to IR has become almost inevitable due to its increased use in various
industrial, research and medical diagnostic applications. In the case of human exposure to
radiation, it is imperative to determine the absorbed radiation dose, which will assist the
physicians in making appropriate medical treatment/countermeasures. Bender and Gooch in 1962
[5] suggested that the formation of a unique chromosome anomaly known as “dicentric
chromosome” in the peripheral blood lymphocytes can be reflective of absorbed radiation dose in
humans. Since then, “Dicentric Chromosome Assay (DCA)” has been the preferred method for
radiation dose assessment of occupationally or accidentally exposed humans. DCA was utilized for
radiation dose assessment in the victims of several well-known radiation accidents such as
Chernobyl [6, 16, 17], Goiania [18-20] and Fukushima-Daiichi [21-23], to name a few. DCA is
considered to be the gold standard for absorbed dose assessment owing to its high specificity and
sensitivity to IR. A few unique features make the DCA as the universally accepted biodosimeter: (l)
low base line frequency of dicentric chromosomes (1-2 dicentrics/1000 metaphase cells) which is
largely independent of age and sex; (II) assay is minimally invasive in nature and lllI) dicentric
chromosome formation is highly specific to IR with sensitivity of detection ranging from 0.05-7.5
Gy of low LET radiations (X-rays and y-rays) in most cases. Estimation of radiation doses less than
0.05 Gy requires the analysis of several thousands of cells since the level of DNA damage is
expected to be extremely low with a non-homogenous distribution of cells with dicentric
chromosomes. Every cytogenetic biodosimetry laboratory must develop a suitable calibration
curve that includes the dicentric chromosome measurements for low dose ranges (0.05-0.1 Gy) for
reliable dose estimation following chronic low dose exposures. Frequency of dicentric
chromosomes obtained from suspected or radiation exposed human blood sample is fitted to a
calibration curve for estimating the whole body absorbed radiation dose (Gy) using CABAS
(Chromosome ABerration cAlculation Software; [24]) with lower and upper dose limits at 95% Cl
(Confidence Interval). Calibration curve or radiation dose response curve is constructed using the
dicentric chromosomes frequencies obtained after ex vivo irradiation of lymphocytes with known
radiation doses. CABAS utilizes the maximum likelihoods for fitting the calibration data to a linear
guadratic fashion for low LET radiation. A minimum of 4 dicentric chromosomes in 1000 cells
would be required to get a radiation dose estimate that is statistically greater than zero. The yield
of low LET radiation induced exchange type chromosomal aberrations including dicentrics can be
estimated by the equation y=c+aD+BD? where y is the yield of aberrations per metaphase cell, c is
the baseline frequency, a and B are the coefficients of exchange type aberrations induced by a
single and double electron tracks respectively and D is the absorbed dose. Since there is an
increased probability of inducing two breaks by a single ionizing track with high LET radiation, aD
becomes more prominent and so the yield of exchange type aberrations can be estimated by
y=c+aD. As the a coefficient (exchange type aberrations induced by a single ionizing track) is
predominant for high LET radiation, dose response curve tends to be linear for the yield of
chromosomal aberrations while the curve for low LET radiation tends to be linear quadratic
because of a and B coefficients.

Although DCA is a reliable biodosimeter for estimating the absorbed radiation dose, certain
criticality accident scenarios involving non-uniform exposure and mixed beam exposure (i.e.
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neutrons and y-rays) may obscure the accuracy of dose estimation. Experience gained from the
past radiological accidents at Chernobyl, Goiania, Tokaimura and Fukushima-Daiichi indicates that
radiation exposure in most cases occurs in a non-uniform manner. In the case of partial body
exposure scenarios, mixing of irradiated lymphocytes with non-irradiated lymphocytes may dilute
the yield of dicentrics, thereby resulting in an underestimation of radiation dose. Therefore,
irradiated fraction of lymphocytes or volume of the body exposed becomes a critical confounding
factor for accurate dose estimation. It should be remembered that the overall dicentric frequency
estimated per metaphase cell remains the same irrespective of either partial or whole body
exposure but the distribution pattern of dicentrics observed in the aberrant cells may be different
between these two exposure scenarios. Two mathematical models have been developed to
account for the distribution of aberration yield: (1) Dolphin’s contaminated Poisson distribution
[25] and (2) Sasaki’s QDR (quantity of dicentrics and rings) method [26]. In Dolphin’s method, the
volume of unexposed body is calculated by analyzing the over dispersed distribution of dicentric
chromosomes in all the cells relative to the expected Poisson distribution of the irradiated cells.
QDR method considers only the fraction of damaged cells with dicentrics and rings for dose
estimation. In vitro simulation experiments-where different fractions of irradiated blood samples
(25%, 50% and 75% and so on) are mixed with non-irradiated blood samples- demonstrated that
the DCA assay can distinguish non-uniform exposure from whole body exposure reasonably well
only when the irradiated blood fraction exceeds 30% and that the radiation dose is high enough to
cause over dispersion of dicentric chromosome distribution. Partial body exposure exhibits over
dispersion of dicentrics as opposed to under dispersion for whole body exposure. Mixed beam
exposure can also complicate the interpretation of the dose estimated by DCA if information is
lacking on physical determination of dose ratio between the two radiation qualities. In the
absence of ratio estimate, a Bayesian approach can be used as described by Brame and Groer [27].
Another limiting factor is the decline of dicentric chromosomes over time and therefore DCA
needs to be performed within a reasonable amount of time (~ 4 weeks) after exposure. Lloyd et al.
[28] suggested a half-life of 3 years for the decline of dicentric chromosomes (cells with unstable
chromosomal aberrations are eliminated and replaced by newly produced lymphocytes without
any dicentrics). Therefore, a correction factor is required for the dose estimation of samples
delayed for more than a few months which otherwise will be underestimated. However, decline of
dicentric chromosome vyield cannot be always expressed as a function of time as other
confounding factors such as infections and inter-individual variation owing to genetic makeup
need to be considered.

It is a general practice for most of the cytogenetic laboratories worldwide to use a buffered
Giemsa solution for dicentric chromosome detection. While this technique is cost effective, a
substantial cytogenetic experience is required for accurately scoring the dicentric chromosome
frequency. Technical difficulties may arise even for the experienced cytogeneticists when the
quality of chromosome spreads is sub-optimal with a number of overlapping chromosomes or
chromosome arms. An alternative and effective methodology is the FISH technique where a pan
centromeric DNA probe or human centromere specific peptide nucleic acid (PNA) probe is used to
detect the abnormal chromosomes with two, three and four centromeric regions. A distinct
advantage of FISH is that chromosome overlapping is not a constraining factor since the
centromeric regions are preferentially labeled for detection. Representative pictures for Giemsa
and FISH based detection of dicentric chromosomes in human peripheral blood lymphocytes are
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shown in Figure 3A and B. A typical dose-response calibration curve obtained for 137

various radiation doses in human peripheral blood lymphocytes is shown in Figure 3C.
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Figure 3 Giemsa (A) and FISH (B) based detection of dicentric chromosomes.
Resolution and sensitivity of detection by the FISH technique are superior to the
conventional Giemsa staining technique. (C) A typical radiation dose response curve
generated from the dicentric chromosome frequencies obtained after ex vivo
irradiation of human lymphocytes with known doses of y-rays.

Bolzan and Bianchi [29] utilized the telomeric PNA probe for detecting incomplete acentric
fragments arising from the terminal and interstitial regions after bleomycin (a radiomimetic agent)
treatment of Chinese hamster embryo (CHE) cells. The dicentric chromosome frequency
dramatically increases at high radiation doses (> 4 Gy) and FISH technique has been proven to be
more sensitive than Giemsa analysis. Shi et al. [30] suggested that the radiation dose estimated by
FISH was more accurate than the Giemsa staining method. M’kacher et al. [31] reported a
significantly higher frequency of dicentrics detected by FISH when compared to uniform staining
by Giemsa. In addition, improved resolution and sensitivity in dicentric chromosome detection by
FISH has resulted in a better estimation of DSBs, especially at low radiation doses. Further,
development of FISH based TCScore (telomeric centromeric score) algorithm detected 95% of
manually scored dicentrics compared to only 50% by Giemsa based DCScore illustrating the
sensitivity and accuracy of FISH. Unequivocal detection of centromeric regions by FISH enhances
the accuracy of dicentric chromosome analysis by avoiding the inclusion of false positives resulting
from overlapping of chromosomes or chromosome arms, which would overestimate the dicentric
frequency. Ring chromosome belongs to the category of unstable chromosome aberrations and
FISH can detect the ring chromosomes with centromeres (centric rings). Although ring
chromosomes are formed at low frequencies after IR exposure, most cytogenetic laboratories
consider both dicentric chromosomes and rings for absorbed radiation dose estimation in humans
[32-34].

In the case of radiological or nuclear mass casualty incidents, several hundreds and thousands
of people may get exposed to radiation. lonizing radiation causes adverse health effects in humans
including mortality from acute radiation syndrome with a LD50/60 value of 3.5 Gy - 4.5 Gy without
therapy and 6.5 Gy-7.5 Gy with appropriate therapy. Further, IR can cause stochastic effects
resulting in increased mortality from cancer. Therefore rapid individualized dose estimation is
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critical for making the “lifesaving” decision. The conventional dicentric chromosome assay
requires the stimulation of peripheral blood lymphocytes in vitro for at least 48 hrs with an
additional time of 24-48 hrs for cell fixation, dicentric chromosome analysis and radiation dose
estimation.

Timely evaluation of dicentric chromosomes for dose estimation in mass casualty radiological
or nuclear incidents provides a bottleneck due to restricted number of cytogenetic biodosimetry
laboratories and trained personnel. Several efforts have been made in the recent past to make the
DCA suitable for mass casualty incidents: () optimization of chromosome preparation [35], (ll)
automated scoring [36-42], (lll) sample tracking [43], (V) establishment of cytogenetic networks
[44-46] and (V) development of electronic tools for sharing digital images among the national and
international cytogenetic biodosimetry laboratories to increase surge capacity for dicentric scoring
[47-50]. Additionally, attempts have been made to minimize the inter-laboratory variation(s) in
dicentric chromosome analysis by developing a Standard Operating Procedure (SOP), a common
calibration curve and participation in annual inter-laboratory comparison exercise for competency
[47, 48, 51]. Application of FISH based techniques has definitely helped in developing high
throughput automated image analysis platforms for rapid radiation biodosimetry. As mentioned
before, FISH based TCScore (telomeric centromeric score) algorithm detected 95% of manually
scored dicentrics and was found superior to Giemsa based DCScore [52].

To circumvent the technical limitations of DCA, an alternative technique known as premature
chromosome condensation (PCC) is routinely used for rapid radiation dose estimation. The PCC
technique, which involves the fusion of human GO/G1 lymphocytes with Chinese hamster ovary
(CHO) mitotic cells, is distinctly advantageous because this technique can be performed
immediately after blood collection alleviating the need of lymphocyte culture in vitro for 48 hrs.
FISH is the method of choice for detecting IR induced dicentric chromosomes in PCCs as the
centromeric regions are not usually detectable by the conventional Giemsa staining. Using a
combination of PCC and FISH method, Karachristou et al. [52] constructed a radiation dose
response curve up to 20 Gy. This approach has a great potential for a rapid categorization of
exposed people in the case of mass-casualty incidents. It must be emphasized that the PCC
technique is yet to be verified and validated for use on clinical samples.

The classical cell fusion using either inactivated Sendai virus or polyethylene glycol yields PCCs
in G1 phase. Recently Calyculin A, a protein phosphatase inhibitor, is routinely used to generate
G2 PCCs from human cells [53-56]. Calyculin A induced G2 PCC technique enables the scoring of
dicentric chromosomes induced by high radiation doses (10-25 Gy) and it is highly advantageous
for analyzing partial body exposures exceeding 10 Gy. As with G1 PCCs, FISH is required for
centromere detection in G2 PCCs. Several studies have demonstrated the suitability of using a
combination of G2-PCC and FISH techniques for accurate dose estimation especially when
radiation doses are in the range of 10- 20 Gy. Calyculin A induced G2-PCC technique is certainly
advantageous as the number of metaphase cells for analysis is highly restricted at higher radiation
doses (> 5 Gy) due to reduced in vitro proliferation of lymphocytes. Further, G2-PCC is the
preferred technique for chromosomal aberration analysis after high LET radiation exposure (i.e. a-
particles, fission neutrons, carbon ions, and heavy iron ions) that generates a 3-4 fold higher
induction of DNA double strand breaks relative to X-rays and y-rays.

In a few radiation accident victims, chemically induced PCC technique was effectively used in
combination with FISH for radiation dose assessment. As the lymphocyte count was extremely low,
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the PCC technique was utilized to estimate the radiation dose in 3 severely exposed patients in a
uranium reprocessing facility operated by the Japan Nuclear Fuel Conversion Company in
Tokaimura [57]. Frequency of ring chromosomes obtained by the PCC technique (known as the
PCC-ring method), was utilized to assess the radiation dose in these victims who were exposed to
both neutrons and y-rays. One of the victims received 17 Sieverts (17 Gy) while an exposure of 8
Sieverts is generally considered to be fatal. In a subsequent study, both prematurely condensed
ring chromosomes and conventional metaphase chromosomes were analyzed for determining the
persistence of chromosomal aberrations. Distribution of aberrations in the cells of two patients
showed a slight over dispersion pattern presumably resulting from non-uniform exposures. The
half-lives of PCC-rings and conventional rings were found to be 8.5 and 8.7 months respectively,
which were much shorter compared to that of dicentric chromosomes (13.5 months) indicating
these half-live values for rings and dicentrics may be of use in retrospective biodosimetry [58]. A
new biodosimetry method was proposed by Pouget et al. [59] where fibroblasts derived from
human skin biopsies were successfully utilized for radiation dose assessment using the PCC
technique. The authors utilized this method for analyzing the skin fibroblasts derived from ex vivo
irradiated skin biopsies and from the in vivo irradiated skin biopsy of a victim of the Georgian
radiological accident. Frequency of excess chromosome fragments was determined by PCC-FISH
using chromosome 4 specific DNA probe on fibroblasts derived from the removed wounded skin
tissue of the patient. The skin samples were divided into 41 pieces of 2 to 4 cm2 identified squares
out of which 18 were used for PCC-FISH. Using the calibration curve generated from ex vivo y- rays
(**’Cs —source; 1, 3, 5, 8 and 10 Gy at a dose rate of 60 Gy h-') irradiated skin fibroblasts, radiation
doses below or equal to 3.4 Gy were estimated for less exposed zones, 5-6.5 Gy on the side of the
body. Fibroblasts derived from the skin sections corresponding to the back of the body appeared
to be most highly exposed with estimated radiation doses in the range of 11.6 Gy to 21 Gy.
Application of the PCC-FISH technique on skin fibroblasts may be useful for the biodosimetric
analysis of radiation victims with highly localized exposures. Three different cytogenetic
techniques [conventional metaphase chromosome analysis, PCC and cytokinesis blocked
micronucleus assay (CBMN)] were utilized to estimate the absorbed radiation dose in five victims
of the Shanxi Taiyuan radiation accident in China. The estimated radiation doses based on the
frequencies of dicentric chromosomes and rings were 12.4 Gy, 3.4 Gy 2.5 Gy, 2.4 Gy and 2.2 Gy for
the five victims respectively. Interestingly, radiation doses estimated by both PCC and CBMN
assays corresponded well with the conventional assay on dicentrics and rings [60]. Using a
combination of PCC and FISH techniques, George et al. detected a significantly increased
frequency of chromosome exchange aberrations in the crewmembers of long-term Mir missions
[61].

In addition to radiation biodosimetry, detection of dicentric chromosomes by FISH using
chromosome specific centromeric DNA has been demonstrated for clinical cases. Petkovic et al.
[62] detected the existence of a dicentric X chromosome in a girl with moderate growth
retardation. Dicentric chromosome resulting from the telomere fusion of chromosomes 20 and 22
is demonstrated to be a recurrent feature of myelodysplastic syndrome and acute myeloid
leukaemia patients [63, 64]. These studies demonstrate that dicentric chromosome may serve as a
diagnostic marker for certain types of malignancies. FISH using a pan centromeric probe is gaining
in popularity and it has the potential to become the method of choice for radiation biodosimetry
in the future owing to its sensitivity and accuracy for dicentric chromosome detection.
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3. FISH Based Detection of Chromosome Translocations for Retrospective Biodosimetry

Mis-rejoining of IR induced DNA double strand breaks results in two types of chromosomal
aberrations both in vivo and in vitro: (1) unstable or asymmetrical aberrations and (ll) stable or
symmetrical aberrations. Similar to dicentric chromosome formation, translocation events are
proportional to the radiation dose and they persist much longer than dicentric chromosomes in
peripheral lymphocytes. Chromosome translocations, particularly reciprocal translocations, can be
used for retrospective biodosimetry owing to their long time persistence after IR exposure [65-69].
Clinical laboratories routinely use the Giemsa banding technique to analyze chromosome
translocations but this technique requires substantial skill and expertise. As increased frequencies
of chromosome translocations are induced at radiation doses higher than 2 Gy, G-banding analysis
is very tedious to perform as it involves the karyotyping of each metaphase cell. This technical
limitation was circumvented by the emergence of various FISH methods in the 1990s for labeling
and detection of DNA probes specific for centromeres or whole chromosomes with fluorophores
[70, 71]. Ried et al. [72] used a combinatorial labeling method to visualize multiple human
chromosomes and chromosome specific centromeres simultaneously. Ease of generation of whole
chromosome specific paints either by PCR or cosmid clones for FISH has enabled the detection of
chromosome translocation events efficiently and rapidly. Using chromosome specific DNA probes,
Natarajan et al. [73] demonstrated a higher induction of chromosome translocations than
dicentric chromosomes after X-rays exposure of human lymphocytes. FISH using whole
chromosome specific DNA probes has opened up new possibilities for monitoring not only
radiation workers but also accidentally exposed human population. It was realized that a new
system of nomenclature was required for scoring IR induced chromosomal aberrations because
FISH methodology using chromosome specific paints yielded complex exchange patterns. Savage
and Tucker [74] proposed a system known as “PAINT” (Protocol for Aberration Identification
Nomenclature Terminology) after gaining inputs from an international group of cytogeneticists
experienced in chromosome painting. The methodologies used for formation, identification and
distribution of IR induced chromosomal aberrations have been described in a review [75]. Prior to
PAINT, another system of classification known as CAB (C-number of chromosomes involved; A-
number arms involved and B- postulated number of DNA double strand breaks involved) was
introduced to analyze complex exchanges [76, 77]. CAB is based on the positional arrangement of
postulated DNA double strand breaks along the chromosome arms.

Bauchinger et al. [78] utilized the whole chromosome painting probes for chromosomes 1, 4
and 12 to measure stable chromosomal translocations in a Techa River (located 7-148 km from the
site of radioactive liquid waste release from plutonium processing plant in Mayak, Russia)
population exposed to both external (y- rays) and internal (°°Sr and **’Cs) radiation. FISH analysis
revealed a significantly elevated level of translocations in all the 73 exposed residents relative to
39 non-exposed individuals with the estimated dose ranging from 0.24-0.54 Gy. Lindholm et al. [79]
analyzed the blood samples of 5 individuals after the accidental whole body y-rays exposure in
Estonia by FISH using the probes specific for chromosomes 1, 4 and 12. The results indicated the
persistence of stable translocations over a two-year period after exposure suggesting the potential
use of translocations for retrospective biodosimetry. Several cytogenetic follow up studies using
FISH have been published on retrospective biodosimetry in radiation-exposed victims of Chernobyl
[6, 80-82] and Goiania [8, 9, 83]. Camparoto et al. [9] demonstrated that chromosome 16 is more
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prone to radiation-induced rearrangement both in the victims of Goiania and in ex vivo irradiated
human lymphocytes suggesting that chromosome 16 may have hot spots for IR induced breakage.
According to a review by Edwards et al. [67], translocations resulting from a lifetime dose to red
bone marrow from a low LET radiation of 0.5 Gy above normal background can be measured.
Certain considerations are necessary for chromosome translocation based retrospective
biodosimetry [84]. The baseline frequency of chromosome translocations dramatically varies as a
function of age and due to possible exposure to agents other than IR [79]. These two factors may
impair the accuracy of radiation dose assessment. Further, information on past radiation exposure
is critical without which retrospective radiation dose assessment may not be reliable. Gregoire et
al. [85] analyzed the blood samples of 42 patients with suspected past IR overexposure by FISH
using a cocktail of three chromosomes (2, 4 and 12). Radiation dose estimated by chromosome
translocation was significantly different from 0 Gy in 25 of the 42 cases and the lowest positive
dose estimated was 0.3 Gy. Representative pictures for FISH based detection of chromosomal
aberrations in human peripheral blood lymphocytes following X-rays exposure using DNA probes
specific for chromosomes 1, 2 and 4 are shown in Figure 4. Chromosome specific DNA probes are
available for mouse, rat and hamsters from a wide variety of commercial sources. These probes
are extensively used for monitoring the chromosomal damage following exposure to a wide
variety of clastogens and carcinogens both in vivo and in vitro. In the FISH methodology,
translocation frequencies detected by a cocktail of 3 chromosomes are usually converted to
genome equivalent of 46 chromosomes using the formula described by Lucas et al.[86] [Fp =
2.05fp (1-fp) FG, relating the translocation frequency, Fp, measured using FISH to the genomic
translocation frequency, FG, where fp is the fraction of the genome covered by the composite
probe]. Conversion of translocation frequency to genome equivalent may have a large statistical
uncertainty if translocations occur in a non-random manner involving certain chromosomes more
than others after radiation exposure. One drawback of FISH using chromosome specific probes is
that the sites of chromosome breakage for translocations cannot be mapped.

Figure 4 Detection of ionizing radiation induced chromosomal aberrations by FISH
using whole human chromosome specific paints for chromosomes 1, 2 and 4 following
ex vivo irradiation of human peripheral blood lymphocytes with 4 Gy of X-rays.

In the past, chromosome specific DNA probes were constructed for mouse from flow sorted
metacentric chromosomes arising from the translocation of chromosomes 1, 11 and 13. DNA
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isolated from the flow sorted chromosomes was amplified by PCR using the linker/adaptor
method after digestion with the restriction enzyme EcoRI [87]. These probes were initially used for
detecting X-rays induced translocations. A similar approach was used by us to generate
chromosome specific probes for Chinese Hamster cells [88] to analyze spontaneous chromosome
rearrangements. Currently chromosome specific probes are commercially available for a wide
variety of mammalian species.

4. Multicolor FISH for Genome Wide Detection of Chromosomal Aberrations

Development of spectral karyotyping (SKY) and multicolor FISH (mFISH) techniques using
combinatorial labeling of DNA probes with five different fluorochromes for the entire human
chromosome complement has advanced the field of radiation cytogenetics. One major advantage
of multicolor FISH (the generic name is mFISH) is that conversion of translocation frequency to
genome equivalent is not required alleviating most of the statistical uncertainties associated with
genome equivalent conversion. Complex exchange events, which involve more than two
chromosomes, are often not detected by chromosome painting method and therefore whole
genome equivalency conversion based on a few chromosomes may not yield acceptable results.

Detection of complex chromosome exchanges by the mFISH and SKY techniques profoundly
changed the way these aberrations are classified based on FISH using a few chromosome specific
paints. Loucas et al. [89] compared the three color chromosome painting with mFISH to determine
the validity of conversion of exchange events to whole genome equivalency. In the mFISH
technique, chromosome specific DNA fragments are labeled by PCR either singly or in combination
with five fluorochromes (Fluorescein isothiocyanate, DEAC, Spectrum Orange, Texas Red and Cy5)
in varying proportions. Similar to mFISH, SKY uses a combination of chromosome specific probes
generated by degenerate oligo primed—PCR amplification of flow sorted chromosomal DNA
labeled with five different fluorochromes (Rhodamine, FITC, Texas Red, Cy 5 and Cy5.5) either
singly or in combination. SKY utilizes Fourier spectroscopy, charge-coupled-device (CCD) and
optical microscopy to capture the spectrum of all the pixel intensities of fluorochromes.
Computation software gives the color code for each of the chromosome pair based on pixel
intensities. A representative human karyotype labeled with the mFISH technique is shown in
Figure 5. Each chromosome pair is given a computer generated pseudo color based on the pixel
intensities of either single or multiple (two or more in combination) fluorochromes. Simple and
complex chromosome translocations can be easily scored based on the color code of individual
chromosomes. The mFISH technique is quite widely used in both basic and clinical research for
identifying the derivative chromosomes. Liehr et al. [90] reviewed the applications of mFISH in the
field of clinical diagnostics and mFISH has been found useful in detecting genome wide complex
chromosomal changes in myelodysplastic syndrome (MDS) and acute myeloid leukaemia [91],
esophageal squamous cell carcinomas [91-93], small lymphocytic lymphoma [94, 95] and acute
lymphocytic leukaemia [96]. Karst et al. [97] utilized the mFISH technique to detect novel cryptic
arrangements involving chromosomes 9, 11 and 12 in some patients of acute lymphocytic
leukaemia.
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Figure 5 The multicolor FISH (mFISH) technology involves the labeling of chromosome
specific DNA fragments by PCR either singly or in combination with five fluorochromes
(Fluorescein isothiocyanate, DEAC, Spectrum Orange, Texas Red and Cy5) in
permutation and combination. The human chromosomes labeled with each of the 5
fluorochromes are shown. Each chromosome pair is given a computer generated
pseudo color based on the pixel intensities of either single or multiple (two or more in
combination) fluorochromes.

In addition to clinical diagnostics, the mFISH technique has completely revolutionized the
genome wide analysis of IR induced chromosomal exchange events, which are usually not
detected by FISH using a cocktail of three chromosome specific DNA probes. Further, the mFISH
technology has greatly assisted in distinguishing different radiation qualities based on the
comparison of ratios for different chromosome exchange events ([98-101]; Table 1). One of the
earliest reports was published by Greulich et al. [102] who tested the utility of mFISH on two
model systems: (I) human peripheral blood lymphocytes exposed to 3 Gy of photons ex vivo and (ll)
hematopoietic progenitor cell colonies derived from a victim of Chernobyl incident 9 years after in
vivo exposure to 5.4 Sievert (1 Sv = 100 rem; Roentgen equivalent man, a unit of radiation dosage).
In ex vivo irradiated human lymphocytes, as many as 15 chromosomes were found to be involved
in chromosome exchange events. In contrast, stable hematopoietic progenitor cells derived from
the radiation victim showed the involvement of 3 different chromosomes. Loucas and Cornforth
[103] analyzed the complex chromosomal exchanges induced by 4 Gy of y-rays in human
lymphocytes by mFISH and found that approximately 50% of the irradiated cells displayed at least
one complex exchange arising from the mis-rejoining of 3 to 11 postulated DNA double strand
breaks. A modified version of mFISH known as COBRA-MFISH was described by Darroudi et al. [104]
which was based on COmbined Binary RAtio labeling. Unlike mFISH, COBRA-MFISH utilized only
four fluorochromes: diethyl-aminocoumarin, Cy3, Cy5 and fluorescein as binary label [105]. The
three fluorochromes were used in a pair-wise combination for ratio labeling of 12 chromosomes
and the second set of 12 chromosomes was labeled essentially as before but with fluorescein as a
binary label. The COBRA-MFISH technique was used to determine the frequencies of both
unstable and stable chromosome aberrations in human lymphocytes following exposure to X-rays
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(low LET; 1 and 4 Gy) and neutrons (high LET; 0.25 and 0.5 Gy). The ratio of translocations to
dicentrics was approximately equal for 1 Gy of X-rays but 1.8 fold higher for 4 Gy of X-rays
indicating that the formation of translocations exceeds that of dicentrics in a radiation dose
dependent manner. As expected, frequencies for complex translocations detected by COBRA-
MFISH were much higher for neutrons (40% of the cells for 0.25 and 0.5 Gy of neutrons) than X-
rays (< 3% of the cells for 1 Gy of X-rays). The value of relative biological effectiveness (RBE) for
neutrons relative to X-rays was 10 for a dose of 0.1Gy and 5 for doses of 0.25 and 0.5 Gy. There
were no significant differences in the frequencies of simple chromosome translocations between
X-rays and neutrons. These observations clearly indicate that complex chromosome exchanges
(inter-chromosomal exchanges) were most efficiently induced by high LET radiation. In support of
this notion, Hande et al. [106] using the mFISH technique, detected a significantly elevated level of
complex chromosomal aberrations (involving more than two chromosomes) in healthy former
nuclear-weapons workers with a high level of plutonium (an a-particle emitter) exposure relative
to workers with y-rays exposure alone. These workers got exposure to plutonium, y-rays or both at
the Mayak nuclear weapons complex in Russia several years ago. Plutonium-239, which emits a-
particles, is not particularly dangerous as an external radiation source but is really harmful when
ingested and can cause cancer. Plutonium dose to the bone marrow ranged from 0.4-2.1 Gy with a
mean value of 1.1 Gy and y-rays dose to the bone marrow ranged from 0-3.1 Gy with a mean of
1.5 Gy. The age of the workers ranged from 67-82 and the frequency of complex chromosome
exchanges detected by mFISH correlated well with the estimated bone marrow dose. Although
these workers had the occupational plutonium exposure during the span of 20 years from 1951 to
1971, it was estimated that an average of 50% of the current dose was deposited in their bone
marrow after 1983, 25% after 1993 and 8% after 1998. Interestingly, frequency of simple
chromosome translocations arising from two breaks involving any heterologous pair of
chromosomes did not differ among the workers irrespective of the exposure to different radiation
gualities. Persistence of complex chromosomal exchanges induced by high LET radiation in Mayak
workers suggests their potential use as “cytogenetic fingerprint” for the past exposure of densely
ionizing radiation. However, realistic use of stable complex chromosomal exchanges for
retrospective biodosimetry requires appropriate dose response curves for different radiation
gualities. Representative pictures for complex chromosomal exchanges induced by 4 Gy of X-rays
in ex vivo irradiated human lymphocytes are given in Figure 6.

Anderson et al. [107] tested the feasibility of using chromosome insertion as a potential
biomarker for chronic high LET radiation by comparing the transmissible and non-transmissible
complex chromosome aberrations induced by X-rays and a-particles. All the transmissible complex
chromosome exchanges analyzed by mFISH contained at least one insertion. One downside of
using insertion as a biomarker is its low induction frequency. Wahab et al. [108] analyzed the
blood samples of some of the nuclear test veterans of New Zealand who were stationed between
20 and 150 nautical miles from ground zero for the code named Operation Grapple in the mid-
pacific during 1957-58. The chromosomal abnormalities detected recently by mFISH were
significantly higher in these veterans (275 translocations and 12 dicentrics in a total of 9,360 cells)
compared to age matched controls (96 translocations and 1 dicentric chromosome in 9,548 cells).
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Figure 6 Detection of complex interchromosomal exchanges (involvement of two or
more chromosomes) by mFISH in human peripheral lymphocytes irradiated with 4 Gy
of X-rays. Examples of complex exchanges involving chromosomes 2 and 4 are shown.
Complex chromosome exchanges are detected with precision by the mFISH technique.

The aforementioned studies clearly demonstrate that both simple and complex chromosomal
exchanges detected by mFISH can be useful for retrospective biodosimetry if suitable calibration
curves are available. Using the mFISH technique, persistence of chromosomal damage was
recently reported [109] in a patient who received two rounds of radioiodine therapy for his
thyroid cancer in 1992 and 1994. Both reciprocal (31) and non-reciprocal translocations (26) were
detected in 8.83% of the cells analyzed (57 translocations in a total of 600 cells). Chromosomes 1,
2, 3 and 4 were found to be involved in 36 of 57 translocations with other chromosomes. The
mFISH technique is used not only for the analysis of IR induced chromosomal aberrations but also
for determining the chromosomal instability in cells of cancer patients. Persistence of ring
chromosome 8 was reported in 25% of the lymphocytes in a patient who initially received
chemotherapy of 5 cycles of fluorouracil/folic acid for sigmoid colon carcinoma in 2003 followed
by radiation therapy for prostate cancer in 2006 [110]. The cytogenetic testing was done on this
patient in 2009 and 2012 and the frequency of rings observed in 2009 was 25%, which was slightly
increased to 30% in 2012. Persistence of rings is surprising because rings belong to the category of
unstable chromosomal aberrations. The authors suggested that the clonal expansion of damaged
hematopoietic stem/progenitor cells might be responsible for the long-term persistence of rings in
this 84-year-old patient. Although the mFISH technique has greatly increased the analytical power
for spontaneous and IR induced complex chromosomal exchanges, its resolution is limited to only
10 mega base pairs of DNA. Additional techniques with higher sensitivity and resolution are
needed to identify and characterize the genes that are transposed/altered due to these complex
chromosome changes after radiation exposure. Nevertheless, the mFISH technique is useful for
detecting a wide range of stable (simple and complex exchanges including insertions) and unstable
chromosome aberrations (dicentrics, rings and fragments) that are induced either spontaneously
or after exposure to DNA damaging agents.
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5. Multicolor Band for Detection of Intrachromosomal Changes

The mFISH technique is very useful for detecting interchromosomal exchanges (simple and
complex chromosome translocations) but it is not suitable for the analysis of intrachromosomal
changes such as inversions, which are induced by high doses of both low and high LET radiation.
Chromosome arm specific probes (p-arm and g-arm) developed in the 1990s were initially used to
detect IR induced inter-arm exchanges occurring between the p- and g-arms including the
centromeric region. Following X-rays exposure of human lymphocytes (2.5 Gy), the ratio of centric
rings to pericentric inversions detected by arm specific probes for human chromosomes 1 and 3
was found to be about 1 but the “F” ratio of intrachromosomal changes to interchromosomal
changes ranged from 6-9 (Natarajan et al.,, 1996). Interestingly, the frequency for intra-arm
exchanges was 8.7 fold higher than interchromosomal exchanges (“H” ratio) considering the DNA
content of chromosomes 1 and 3 and a random distribution of aberrations in the genome.
Pignalosa et al. [111] compared the frequencies of inter- and intrachromosomal changes in the
progeny of human lymphocytes after heavy iron ion exposure and determined the persistence of
complex inter-chromosomal exchanges in surviving cells. It appears that the decline of “F” ratio
after high LET radiation exposure is due to an increase in complex inter-chromosomal exchanges.
Chromosome arm specific probes are useful for detecting inter-arm exchanges but not intra-arm
exchanges that occur within a single chromosome arm (paracentric inversions that do not involve
the centromeric region). Spatial organization of chromosomes in the interphase nucleus seems to
promote more intrachromosomal changes than interchromosomal changes owing to a close
proximity of the two arms of the chromosome [112]. This notion needs to be validated by other
molecular techniques with a higher resolution and sensitivity for probing the proximity of
chromosomes relative to each other. Knowledge of spatial relationship of chromosomes in the
interphase nucleus will be useful for understanding the mechanism(s) for complex chromosomal
exchanges and their impact on genomic instability and disease outcome.

Development of chromosome specific mMBAND probes by Chudoba et al. [10] overcame the
limitation of chromosome arm specific probes in detecting intra-arm exchanges. For the
generation of chromosome specific mMBAND probe, several overlapping micro dissection libraries
for chromosome 5 were used. These fragments of approximately 10 mega base pair DNA are
labeled with combinatorial labeling of five fluorochromes by PCR to generate bands of multiple
colors. The overall labeling scheme for chromosome specific mMBAND probes is similar to that of
mFISH probe. As each chromosome pair is banded with multiple colors, any disruption in the
sequence of colored bands owing to paracentric (within the chromosome arm) or pericentric
(between the chromosome arms) inversions can be easily analyzed. A typical labeling scheme used
for the generation chromosome 5 specific mBAND (MetaSystems) probe is shown in Figure 7.

It is well known that the complexity of inter- and intrachromosomal aberrations depends on
radiation quality (low or high LET), radiation dose, dose-rate and track structure per unit of dose
[12, 13, 100, 113-116]. Earlier studies have demonstrated that high LET radiation induced
biological effects on gene inactivation, cell death, cataracts and carcinogenic events are several
folds higher than that observed for low LET radiation [12, 117-125]. Both radiation qualities (low
and high LET) induce DSBs but their proportion and complexity are distinctly different from each
other. High LET radiation such as neutrons, a-particles, carbon ions and heavy iron ions generates
clustered DNA lesions encompassing double strand break, single strand break and oxidized base
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damage in a short helical region of DNA. Clustered DNA damage reduces the access of DNA repair
machinery so lesions including complex DNA double strand breaks are either left unrepaired or
mis-repaired. Persistence of such mis-repaired clustered lesions can lead to malignant
transformation and cancer through generation of complex chromosomal aberrations. In support,
murine astrocytes irradiated with heavy iron ions were demonstrated to be potently tumorigenic
in nude mice xenografts compared to y-rays. Further, murine astrocytes after heavy ion exposure
displayed stable Robertsonian type translocations involving centromeric fusion of most of the
chromosomes in the complement [126].

2 ] SpO FITC TR Cy5 DEAC

Figure 7 Labeling scheme used for chromosome 5 specific multicolor bands (mBAND)
and the labeling pattern of overlapping fragments with each of the 5 fluorochromes
along the entire length of chromosome 5 are shown. The high resolution banded
appearance of chromosome 5 enables the detection of chromosome inversion events
(pericentric and paracentric inversions) after radiation exposure.

An earlier study wusing the mBAND technique demonstrated the persistence of
intrachromosomal changes in healthy nuclear weapon workers who were exposed to high levels of
plutonium several years after the radiation exposure [14, 127]. Most strikingly, the extent of
intrachromosomal exchanges detected in these workers correlated well with the postulated
plutonium dose in the red bone marrow. Earlier biophysical modeling studies predicted that the
value for F ratio (interchromosomal /intrachromosomal changes) decreases while the value for G
ratio (Intra-arm/inter-arm changes) increases following exposure to densely ionizing radiation
such as neutrons. Johannes et al. [128] reported that the frequencies of inter- and
intrachromosomal changes as well as inter- and intra-arm changes were not drastically different
between low (4 Gy of X-rays) and high (2 Gy of neutrons, 1 and 2 Gy of heavy ions) LET radiation
using the mBAND probe for chromosome 5. However, the ratio of complex to simple interchanges
(C ratio) was found higher for high LET radiation as compared to X-rays and the authors suggested
that the C ratio should therefore be considered for biophysical modeling studies. Tawn et al. [129]
demonstrated a much higher induction of intrachromosomal changes by a-particles relative to y-
rays. Using sister chromatid differentiation technique, Cartwright et al. [130] reported the
dependence of both radiation quality and chromatin structure on inversion frequencies in CHO
cells. Using directional genomic hybridization, Ray et al. [131] found that chromosome 3 inversions
were found to be higher for high LET radiation than low LET radiation. Using chromosome 3
specific mBAND in human mammary epithelial cells, Hada et al., [11] documented that the fraction
of intrachromosomal changes induced by secondary neutrons was much higher than y-rays but the
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inversion frequencies were indistinguishable between the two radiation types. The reason for this
discrepancy is not entirely clear. It is likely that DNA repair characteristics of immortalized human
mammary epithelial cells may be uniquely different from lymphocytes due to differences in
chromatin structure, inherent proliferation capacity and cell cycle duration. Pignalosa et al. [132]
reported the induction of chromosome inversions in prostate cancer patients following exposure
to X-rays and carbon ions. Using a combination of mFISH and mBAND probes, chromosome
aberrations and chromosome breakage sites on chromosome 1 were studied by Berardinelli et al.
[101]. The chromosome breaks induced by different radiation qualities (1 Gy of X-rays,
(28keV/um), helium-ions (62keV/um) and carbon-ions (96 and 252keV/um) were located on a
region spanning from 1p11.2 to 1p22.1 which contains both early and late replicating chromatin.
Further, the ratio of complex to simple chromosome exchanges induced by IR exposure depends
on LET. A recent review summarizes the role of radiation track structure on the yield of simple and
complex chromosomal aberrations [133].

Application of mBAND is also gaining importance in clinical diagnostics. A double inversion of
chromosome 6 was detected [134] in a 4-year-old female patient with several prominent
pathological features: microcephaly, mental retardation, brachydactyly, bridged palmar crease,
and hypertonia. Her karyotype prepared from the blood lymphocytes revealed 46, XX with two
translocations involving chromosomes 1 and 12 [t (1; 12)(p22.3; q21.3)], 7 and 18 [t (7; 18)(q11.2;
g21.2)] and an inversion-involving chromosome 6 [inv (6)(p24q23),] in all the cells. Hu et al. [15]
demonstrated complex intrachromosomal rearrangements involving chromosome 6 in a child with
dysmorphic features. IR is long known to induce Papillary Thyroid Carcinoma (PTC) and
intrachromosomal rearrangements involving chromosome 10 are often associated with formation
and progression of PTC. Pignalosa et al. [135] utilized the mBAND technique to analyze the
frequency of inversions induced by heavy ions and X-rays on chromosome 10 in human thyroid
follicular cells. No significant difference in the frequency of inversions was found between heavy
ions and X-rays indicating that high LET radiation may not be more effective than X-rays in the
induction of thyroid cancer. However, this may not be valid for in vivo situations because DNA
damage response/repair in tissues is much more complex than simple monolayer of cells.
Classification of chromosomal aberrations detected by mBAND has proven to be complex and
different laboratories use different ways of classifying the aberrations. A unified and well-
characterized mBAND nomenclature is perhaps required to better categorize different types of
inter- and intra-arm exchanges observed by mBAND. Nevertheless, the mBAND technique has
provided a much higher resolution than the conventional cytogenetic techniques for the detection
and analysis of spontaneous and IR induced intrachromosomal changes.

6. Interphase FISH for Detecting Chromosome Positioning and Breakage

Chromosomal aberrations are usually scored in the metaphase chromosomes of human
lymphocytes and other cell types. Human lymphocytes are often preferred for assessing the
genotoxic effects of DNA damaging agents because blood samples can be easily obtained for
analysis by minimally invasive manner. As lymphocytes are largely quiescent and are
predominantly in GO/G1 stage of the cell cycle, stimulation for 48 hrs with a mitogen
Phytohaemagglutinin (PHA) is required for obtaining metaphase chromosomes. One drawback of
this approach is that DNA damage can only be analyzed in metaphase cells obtained from actively
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dividing cells. It is likely that some of the heavily damaged cells may not even reach mitosis or may
undergo apoptotic death. An alternate approach is to use interphase cells for monitoring the
chromosome breakage by FISH using probes specific for gene loci, centromeres, whole
chromosome paints, mFISH and chromosome specific mBAND. As each chromosome is
represented twice, two hybridization spots are seen in the interphase nucleus of each somatic cell.
Any deviation from the expected number of 2 signals owing to either gain (> 2) by chromosome
breakage or loss due to aneuploidy (< 2) can be useful for assessing the extent of DNA damage.
Earlier studies detected aneuploidy in the interphase cells by FISH using chromosome specific DNA
probes [136, 137]. This approach enables the detection of chromosomal changes induced in
different tissues and cells without an elaborate need for metaphase chromosome analysis.
Through the use of alpha and classical satellite DNA probes to the centromeric regions of human
chromosome 1 (1lcen-ql2), aneuploidy and chromosome breakage were studied in both
unstimulated lymphocytes and granulocytes at 15 min and 2 hrs after exposure to various doses (0
Gy, 1 Gy, 2 Gy, 3 Gy and 4 Gy) of B3¢ y-rays after 48-51 hrs in PHA stimulated lymphocytes and
granulocytes [138]. A dose dependent increase in chromosome breakage was observed in
granulocytes, unstimulated lymphocytes, stimulated lymphocytes and metaphase chromosomes
and the frequencies were similar in both granulocytes and lymphocytes. Likewise, Prasanna et al.
[139] detected a radiation dose dependent induction of chromosome 1 breakage in the interphase
nuclei of human lymphocytes. These results indicate the feasibility of assessing IR induced
chromosomal damage in non-dividing granulocytes and lymphocytes and this approach is
beneficial for segregating the highly exposed from moderately or unexposed human population in
the case of radiological or nuclear mass casualty incidents [140].

Rearrangements involving RET oncogene localized on chromosome 10 (10q11.2) has been
found to be a frequent event in papillary thyroid carcinomas [141, 142]. Interphase FISH analysis
of paraffinized tissue samples derived from 13 post-Chernobyl childhood thyroid tumors revealed
differences in the pattern of distribution of RET positive cells in the two groups: short and longer
latency of tumor development. Aberrant cells were homogenously distributed in the short latency
group (4-8 years) relative to clustering of aberrant cells in the longer latency group (9-12 years).
The interphase FISH results suggest a polyclonal development of papillary thyroid carcinoma in
radiation exposed children and reinforces the utility of interphase FISH for detecting tumor
causing chromosome rearrangements in archived tissues.

Recently, a new method known as HiBA-FISH (high throughput break-apart FISH) was described
for detecting rare interphase chromosome breaks and translocations [143]. This methodology
combines high throughput imaging with measurement of distance between FISH probes that flank
the regions of interest. The authors measured the number of rare chromosome breaks at NPM1-
ALK gene loci and their translocation frequency in anaplastic large cell ymphoma cells after 25 Gy
of y-rays radiation exposure. Manual microscopic evaluation is time consuming and laborious and
therefore high throughput imaging combined with gene fusion or break-apart probes will be ideal
for rapid prognosis or diagnosis of various congenital and acquired human diseases. IR is a well-
known carcinogen. Although various genetic and epigenetic models have been proposed and
tested in different experimental model systems, precise molecular events leading to IR induced
cancer initiation are far from clear. Availability of a whole battery of gene fusion and break-apart
probes for well-known oncogenes provide a unique opportunity to investigate the carcinogenic
action of IR in relevant cells and tissues by interphase FISH. Spatial distribution of ABL and BCR
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genes was studied in the interphase nuclei of stimulated and non-stimulated human lymphocytes
before and after exposure to IR using dual color FISH [144]. In stimulated lymphocytes both ABL
and BCR genes moved towards the nuclear membrane and the spatial distance relative to each
other also increased. In 2-8% of the lymphocytes, ABL and BCR genes were very close to each
other. A similar trend was found between c-Myc and IgH genes and the translocation involving
these genes have been reported in Burkitt’s lymphoma. After radiation exposure, ABL and BCR
genes were found in the center of the nucleus and the spatial distance between them became
much shorter in both G1 and S-phases. The proximity of these potential oncogenes triggered by IR
in the nuclear space may be responsible for initiating the cancer development processes.
Increased incidence of leukemia and lymphomas observed in some of the A-bomb survivors
suggest that IR can potentially increase some of the oncogenic fusions such as ABL and BCR [145].
It is likely that some of the oncogenic translocations including ABL and BCR can also impair DNA
repair efficiency. Burkitt’s lymphoma cells with c-Myc and IgH translocation accumulated a high
number of potentially lethal DNA double strand breaks both spontaneously and after treatment
with cytosine arabinoside (Ara-C). In corroboration with the increased accumulation of DNA
double strand breaks, these cells displayed diminished homologous recombination repair activity
with a reduced expression level of BRCA2, a tumor suppressor protein. Homologous
recombination repair is crucial for the repair of DNA double strand breaks and for the
maintenance of chromosomal stability. Reduced expression level of BRCA2, a crucial player in
homologous recombination repair pathway, probably explains the spontaneous and Ara-C induced
accumulation of DNA double strand breaks [146]. The above example illustrates that the
oncogenic fusion event(s) triggered by DNA damaging agents such as IR may compromise
transcription and repair activities leading to initiation and progression of carcinogenic events in
normal cells. As stated before, dual color and multicolor FISH techniques in the interphase nuclei
hold great promise for understanding the chromosomal and gene alterations in the nuclear space
and their impact on genomic instability.

Earlier studies suggested that the heterochromatic regions of certain human chromosomes (1,
9, 16 and Y) are the preferred the sites for breakage and for the origin of stable chromosome
rearrangements which can lead to early and late stages of tumor development [147-150].
Heterochromatic regions largely composed of highly repetitive DNA sequences account more than
70% of the human genome. Earlier studies indicated that DNA strand breaks at the centromeric
and pericentric heterochromatin can lead to mutations, delayed chromosomal rearrangements
and genomic instability [151, 152]. Availability of FISH probes for specific chromosome breakpoints
will be useful for understanding the carcinogenic action of IR.

Chromosome loss is often noticed in murine and human cells after IR exposure. Interphase FISH
using a combination of chromosome specific probes can be effectively used to detect numerical
chromosomal alterations induced by IR. Evidence for the delayed onset of chromosome
aneuploidy was demonstrated in human fibroblasts after low doses of X-rays exposure [153]. The
authors utilized the micronucleus-centromere assay with chromosome (1 and 4) and centromere
specific DNA probes. Increased frequencies of aneuploidy with the loss of chromosomes 1 and 4
were observed as a function of radiation dose in cells harvested at 24 hrs post exposure. In mice,
hemizygous deletion on chromosome 2 was detected 24 hrs after IR exposure and 15-25% of the
radiation-exposed mice developed acute myeloid leukemia with 80-90% of the cancer incidence
was accompanied by chromosome 2 deletion [154]. Molecular analysis revealed a minimal deleted
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region on chromosome 2, which harbors a tumor suppressor gene Sfpil. Similar to loss of
chromosomes, copy number changes in genes can also be monitored by interphase FISH.
Representative pictures for the loss of important genome surveillance genes such as ATM (ataxia
telangiectasia mutated) and a major tumor suppressor gene p53 after radiation exposure in the
binucleated human lymphocytes are shown in Figure 8. The foregoing account illustrates how
interphase FISH can be effectively utilized to monitor a whole spectrum of gene and chromosomal
alterations induced either spontaneously or by DNA damaging agents. Suitable calibration curves
for each of the endpoints (chromosome breaks, translocation of gene loci and aneuploidy in
interphase cells) need to be developed for different radiation qualities so that they can be used in
radiation biodosimetry applications.

Figure 8 Interphase FISH is useful for detecting copy number changes of gene loci in
human lymphocytes after radiation exposure. Gene specific probes for ATM (Ataxia
telangiectasia mutated) and p53 were used to evaluate the alterations in gene loci in
cytokinesis blocked binucleate cells. Binucleate cells were obtained after culturing the
lymphocytes for 44 hrs followed by cytokinesis block for an additional 28 hrs in the
presence of Cytochalasin B (5 pg/ml). A- Normal binucleate cell with two green
fluorescent signals for ATM (green color) and two red fluorescent signals for p53. B-
Note the presence of only one copy of ATM in both main nuclei and two copies in
micronuclei (arrow) after radiation exposure (4 Gy of X-rays). C- Note the presence of
only one copy of p53 in both main nuclei and two copies in micronuclei (arrow) after
radiation exposure (4 Gy of X-rays). D- Note the mis-segregation of ATM gene loci
between two main nuclei, one with 3 copies of ATM (arrow) and the other with one

copy.
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It is well known that chromosomes occupy distinct territories in the interphase nucleus and
therefore probing the spatial positioning of chromosomes after DNA damage may vyield valuable
information on chromosome aberration formation. As both unstable and stable aberrations
involve intra- or interchromosomal exchanges, the relative positioning of chromosomes relative to
each other or proximity in the interphase nucleus is likely to contribute to the nature of
aberrations formed: simple and complex. Development of FISH techniques revealed the spatial
positioning of chromosomes in the nucleus [155, 156]. Previous FISH studies suggested that the
larger chromosomes are located near the nuclear periphery while smaller chromosomes are
positioned at the center of the nucleus in human cells [144, 157-161]. Radial positioning of
chromosome domains based on gene density [157, 162-164] was reported for human
chromosomes 18 and 19 with the gene-rich chromosome 19 in the interior nuclear position and
the gene-poor chromosome 18 in the nuclear periphery despite a gross similarity in size. Using
chromosome specific paints, Loannou et al. [165] demonstrated that territories for chromosomes
1,2,3,4,5,7, 13,18 and Y were variable probably owing to different stages of the cell cycle. Some
of the chromosome translocations that are characteristic of malignant hemoblastoses are also
induced by exposure of human lymphocytes after exposure to fast neutrons [166].0Observation of
most significant interchromosomal exchanges involving 14/18, 18/8, 8/3, 1/14, 1/8, 3/18, 3/14
and 9/22 suggests that radiation exposure has the potential to cause malignant transformation of
cells through generation of oncogenic chromosome translocations.

The mFISH technique offers a unique opportunity to examine the impact of spatial positioning
of chromosomes on IR induced simple and complex chromosome translocations. Using the mFISH
technique, chromosomes that are spatially related to each other in peripheral blood lymphocytes
have been characterized in the interphase nucleus [167]. Arsuaga et al. [168] identified two
clusters of chromosomes (1, 16, 17, 19, 22) and (13, 14, 15, 21, 22) whose domains were closer to
each other than predicted by a random distribution model. Somewhat consistent with this model,
enhanced chromosome translocation frequencies involving neighborhood territories associated
with chromosomes 1, 3, 4, 7, 10, 14 and 15 were observed in human lymphoblastoid cells after X-
rays and neutrons exposure [167]. Detection of simple and complex chromosomal exchanges by
mFISH will be useful not only for retrospective biodosimetry but also for monitoring some of the
early onset of IR induced oncogenic translocation events and their impact on genomic instability
and cancer.

7. Use of Chromosome Conformation Capture Technique to Determine the Role of Proximity
Effects on IR Induced Chromosome Exchange Events

It is increasingly realized that the higher order organization of chromatin in the nuclear space is
crucial for the fidelity of many fundamental metabolic activities of DNA such as replication,
transcription, recombination and DNA repair. It is well established that chromosomes occupy
specific domains or territories and the proximities of chromosome territories relative to each
other in the nuclear space may influence some of the recurrent translocations observed in cancer
cells. Earlier studies utilized the FISH technique with a few chromosome specific DNA probes to
understand their interphase positioning in the nucleus and their reorganization subsequent to
DNA damage induced by chemicals and IR in human cells. Using the mFISH technique, Foster et al.
[169], detected non-random exchange events after y-rays exposure between certain chromosome
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pairs (1 and 13; 9 and 17; 9 and 18; 12 and 18; 16 and 21) that occurred more frequently than
expected on a random basis [169]. Although these studies yielded valuable information on
territorial organization of chromosomes, low resolution coupled with an inability to analyze
genome wide chromosome topology had prompted the scientists to develop innovative
technologies to determine the 3-dimensional genomic architecture of normal and cancer cells.
Dekker et al. [170-172] described a chromosome conformation capture methodology for detecting
the fine structural organization of chromosomes and their changes during the meiotic process in
yeast. Briefly, the chromosome conformation capture (3C) methodology involves several steps: (1)
crosslinking of chromatin with formaldehyde for creating covalent bonds between DNA, (ll)
digestion with restriction enzymes of choice (Hind 1lI, Bgl Il, ECoR I, Dpn | and ACi I), (lll) linker
mediated ligation of DNA fragments, (IV) reversal of crosslinking and (V) PCR amplification and
deep DNA sequencing. In the subsequent years, the 3C methodology and its derivatives were
extended to the analysis of mammalian cells [171, 173-176]. The 3C technique provides the
organization of genome at a high-resolution level and is very useful for detecting the spatial
interaction between chromosomes and gene loci. Methodologies for 4C and 5C were soon
developed and in the 4C technology, isolated cross-linked and labeled DNA fragments are
hybridized to microarray or subjected to next generation sequencing. The fundamental difference
between 3C and 5C lies in the design of primers and the primers used for the 5C methodology
have universal sequence such as T7 and T3 that is appended to the 5’ ends. This modification
coupled with multiplex PCR and sequencing allows the detection of sequence interaction even
within a single locus. Chromatin interaction analysis by paired end tag sequencing (ChlA-PET) is an
improved version of 3C that utilizes chromatin immunoprecipitation assay (ChIP). A combination
of ChIP and 3C helps in identifying genome wide interaction of chromatin with a specific protein of
interest. ChlA-PET led to the discovery of many critical proteins such as RAD21, CTCF, SMC3 and
ZNF14 that are important for the formation of 3D chromatin structure. Hi-C is yet another version
of 3C methodology which uses high throughput sequencing technology and it does not require
specific primers but provides a comprehensive knowledge of interaction between chromosome
territories and thereby a genome-wide contact maps [177]. Recently, it has been shown that Hi-C
methodology can be applied to the analysis of a single cell and this is distinctly advantageous to
analyze the extent of inter-cellular heterogeneity, which is quite prevalent in some cancer cells.
Collectively, 3C based technologies have greatly improved our understanding on 3 dimensional
architecture of chromosomes and their territories in interphase nucleus. We recently
demonstrated the utility of Hi-C in the analysis of ionizing radiation induced chromosomal
aberrations based on their spatial proximity in the nucleus [167]. These high-resolution techniques
can be effectively utilized to develop cytogenetic signatures for predicting high LET radiation
induced stochastic effects. Additionally, fine detailed analysis using these methodologies will
determine whether some of the human genetic diseases are caused by alterations in 3-
dimensional organization of chromatin but whether such alterations can serve as fingerprints for
the prognosis/diagnosis of various diseases including cancer.

8. Conclusions

A PubMed search made using the term “FISH technique in Radiation Biology” yielded 328
publications spanning from 1990 through 2018 indicating the steadily emerging use of FISH
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technique in radiation biology. It is likely that the search might have missed a lot more papers.
FISH based methodology for chromosome translocation has greatly advanced the field of
retrospective biodosimetry and for long-term monitoring of radiation exposed humans for
potential cancer risks. As delayed genomic instability has been amply demonstrated after chronic
low dose exposure, FISH technology is going to be instrumental for monitoring the chromosomal
changes that lead to tissue degenerative diseases and cancer in radiation exposed victims. As
human exposure to IR has become inevitable owing to its increased use in medical diagnostic
procedures such as CT and CAT scans, extensive investigation is required to understand the
biological effects of low dose radiation. Use of FISH methodology combined with high resolution
molecular techniques like Chromosome Conformation Capture technique for probing 3-
dimensional organization of human genome have given great insights into the spatial organization
of chromosomes and how chromosome proximity effects can explain the formation of simple and
complex chromosome translocations that arise either spontaneously or through DNA damage
accumulation. Future cytogenetic and molecular studies will unravel the complexity and functions
of higher order chromatin organization and how alterations in chromatin organization can lead to
age associated and IR induced cancer and degenerative diseases.
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