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Abstract 

The beginning of nuclear age produced one of the most extraordinary and long-lived multiplications of studies on the general issue of the ionizing radiations impact on living organisms. The cytogenetic method is a classic approach in order to get information about exposures magnitude, as  it is a  practical one  and, through  the progress of the  latest fluorescence-based techniques, highly more informative than in the past.

Cytogenetic damage represents a useful marker for chemical and physical exposures. Special attention is given to those targets that are sensitive even to low exposures, and that somehow accumulate and report radio induced damage (RID) for a long time, such as telomeres and chromosome alterations.

Telomere length modulation is a well known effect of ionizing radiation exposures. However, it has been thoroughly described for medium-high exposures, while being still quite unexplored at the low dose-range. In verifying some telomere modulation, it can be claimed as a useful tool to reveal low exposures: the accuracy of the latest quantitative Fluorescent In Situ Hybridization (q-FISH) allows for even subtle telomere length variations to be recognized. The chromosomal injury can be easily detected using FISH. At the moment, m-FISH protocol (multicolor-FISH) is the best setup for the evaluation of cytogenetic damage. It is the ultimate evolution of traditional FISH-3 chromosome  painting whose use overcomes some biases: for FISH-3 data on the whole aberration yield are extrapolated from the sampling on just three chromosome couples, whereas m-FISH allows the aberrations to be detected all over the karyotype, by means of specific probes for each chromosome couple. Stable chromosomal aberrations, such as reciprocal translocations, are not eliminated due to cell-cycle progression, as unstable aberrations do, and therefore, they are considered transmissible and reliable markers for exposures.

When measuring the telomere length  after 0.1 – 1 Gy of X-ray, no modulation was observed, whereas a shortening effect is reported for high dose  exposures in other fibroblasts lines,  by that frustrating  the purpose of using the telomere as a  reporter for low exposures.

The chromosome damage as studied in the same dose range, was scored according to the consolidated practice, arguing a strict and expected dependence of aberration frequency on dose. Summarizing: the unstable aberration frequency seemed to be a good index of recent RID (sensitivity threshold < 0.1Gy), while stable translocations seemed less effective to report distant in time RID (sensitivity threshold between 0.5 and 1 Gy).

Our goal was to check the sensitivity and fitness of the  two assays described above, therefore we can conclude that telomere length test is unsuitable to reveal low exposures, whereas m-FISH analysis appears to provide better results.
1.0
INTRODUCTION

In radiation protection, the prerequisite for limiting exposure, minimizing secondary effects, and applying the protection procedures, is the quantification of the exposure. 

Exposed workers are equipped with physical dosimeters allowing for the qualified experts to assess the dose for each worker or to control the workplace. In the case of incidental or medical exposure, there is even no possibility to use physical dosimeters. In some cases, the biological dosimetry is the only way to get information about the assumed radiation exposure and retrospective biodosimetry [1]. Thus, a biological dosimetry is required when physical dosimetry either cannot be used, as in the case of retrospective dosimetry, or does not provide sufficient information. The biological dosimetry does not measure the exposure in real time, but rather the changes induced by radiation on some biological parameters [2]. They both are indicators of exposure or effect. Often the two aspects overlap, as in the case of deterministic effects induced by high-doses, acute radiation syndrome clinic (ARS) characterized by damage in the skin and in hematopoietic, gastrointestinal, and cerebrovascular systems, whose severity depends on the intensity of the absorbed dose. In the case of stochastic effects induced by low-doses, the parameter used to measure the absorbed dose does not always imply a clear detriment to health. However,   it has been often demonstrated that an increase in the frequency of these indicators is associated with an increased risk of radiation-induced cancer, and  may be indicative of  a radio-sensitivity to be taken into account when planning further  medical radio-treatments.

Several methods are currently used to measure radiation exposures; the gold standard dicentric assay has been used for over 30 years as the most sensitive biological indicator of external irradiation [3]. In this context, it was demonstrated that the dicentric assay is able to assess health risks and guide medical treatment decisions in the event of large scale radiation accidents like Chernobyl [4] or Goiania [5]. As a consequence of an acute exposure, when a blood sample for chromosome analysis must be obtained as soon as possible, the dicentric assay represents the method of choice. In fact, the analysis of dicentrics (unstable aberrations) in solid-stained chromosome preparations is very reliable for the evaluation of recent and acute radiation exposures, although not for chronic or past exposures in that the yield of dicentric chromosomes decreases over the time after irradiation [6]. FISH using whole human chromosome-specific DNA probes (Chromosome Painting) has opened the way to new possibilities for detecting stable aberrations, such as reciprocal translocations, and nowadays it is widely used for biological dosimetry of ionizing radiations [7; 8]. Unless all chromosomes are hybridized with their specific painting probes conjugated with different fluorochromes, and a computerized image analysis system is used to assign a different color to each of them, only one portion of the whole karyotype is usually painted. Aberrations involving painted chromosomes thus represent only a subset of all induced aberrations. It may be of some importance to estimate the total number of aberrations induced [9]. For this reason, the development of molecular cytogenetics allowing all homologue pairs to be differentiated and the whole genome to be analyzed (multicolor in situ hybridization FISH, m-FISH), [10], has greatly improved the ability to identify chromosome aberrations and the capability to predict the fate of exposed cells or individuals. 

Unfortunately, other relevant cytogenetic end points have been so far less investigated, and to the best of our knowledge poor analysis has been carried out on the effect of the low-dose range of radiation on the telomeric functions. Telomeres are specialized nucleoprotein complexes that serve as protective caps of linear eukaryotic chromosomes. It has been reported that ionizing radiation exposure are likely to affect the telomere homeostasis causing the loss of their functionality and, consequently, trigger some chromosomes instability. 

In this work, our interest was to check the sensitivity and fitness of those two endpoints (telomere length modulation and karyotype damage) after low-dose exposure of X-rays. In recent years, a great deal of attention has been devoted to the study of biological effects of low-dose ionizing radiation for their relevance in radiation protection of many different contests as screening tests, environmental and occupational exposures, frequent-flyer risks, manned space exploration, and so on. 

To the best of our knowledge, neither studies on telomere homeostasis nor m-FISH analysis have been carried out so far in human primary fibroblasts in the dose range between 0 and 1 Gy of X-rays. Therefore, to investigate in details telomere homeostasis and chromosome alteration induction as a function of the dose, AG01522 human primary fibroblasts were exposed to low-doses of X-rays, tested for telomere length modulation as well as for chromosome damage. 

2.0
mATERIALS AND METHODS

2.1
Cell lines and Culture Conditions
Human primary fibroblasts AG01522 (Coriell Institute, Camden, USA) were cultured in EMEM medium supplemented with 15% fetal bovine serum (FBS), 100 units/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine, 1% Non Essential Aminoacids and grown in 5% CO2 atmosphere at 37 °C.  In these conditions, the cell doubling time, T​​​d, evaluated from the growth curves, was 22 ± 1 h. Cells used in the present work were at the 28th population doublings (PDL).

2.2
Irradiation Procedures
For X-irradiation, cells seeded in plastic petri dishes or appropriate flasks were irradiated by a Gilardoni apparatus (250 kV, 6 mA; dose-rate 0.53 Gy/min) with 0.1, 0.25, 0.5 and 1 Gy. Sham irradiated cells were used in all the experiments as control (unirradiated). For each experiment, cells were seeded at least 48 hours before irradiation.
2.3
Collection of Chromosome spreads
Chromosome spreads were obtained following 30 minutes incubation in Calyculin-A (30 µM; Wako, Japan), a protein phosphatase inhibitor, which induces chromosome condensation irrespectively of cell-cycle phase [11]. In the present paper, only G2 condensed chromosomes have been scored in cytogenetic analysis. Prematurely condensed chromosomes (PCC) were collected by a standard procedure consisting of a treatment with hypotonic KCl (75 mM) for 30 min at 37 °C, followed by fixation in freshly prepared Carnoy solution (3:1 v/v methanol/acetic acid). Cells were then seeded onto slides before cytogenetic processing.
2.4
Telomeric Quantitative Fluorescent in Situ Hybridization (q-FISH)
The rational base of this technique is that a longer telomere should hybridize a larger probe amount so as to get amore intense staining signal. Random difference of the signal may affect the measures due to the different technical setups among different laboratories; and even within the same laboratory the fluorescence measures can be slightly different due to a single operator’s practices or detriment of Hg-vapor lamp efficiency. That is the reason why  the telomeres are stained (fig. 1a), as is  the centromere of chromosome 2 which is a tandem-repeat region whose length is stable, and which can be used as fluorescence reference  by the image analysis software (fig. 1b): the single cell telomeric signal is expressed as %-ratio between the mean of single telomeres signals and mean of both chromosome 2 centromere signals. (%T/C ratio) and this is demonstrated to be proportional to telomere Kbps [12].
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Figure 1: a) Representative image of AG01522 metaphase spread stained with telomeric and centromeric Cy3-conjugated PNA probes. b) Double staining of chromosome 2 for  telomeric and centromeric region.
2.5
Multicolor Fluorescent in Situ Hybridization (m-FISH)
The m-FISH technique is the ultimate implementation of the traditional chromosome painting. The metaphase spreads are hybridized with a mix solution composed by 24 specific probes, able to recognize every chromosome couple, conjugated in several combinations with five different fluorophores. Every couple is stained by one, two, or three different fluorophore-conjugated probes: human chromosome types are 24, and 25 fluorophore combinations are enough to make the whole genome stained couple by couple [10]. This fact allows for the identification of every massive aberration, including gross chromosomal rearrangements between two or more broken elements, and the simple fragmentations. In fig. 2 is shown an AG1522 karyotype with two heritable translocations: t(1';11)(11';1) and t(5';8)(8';5).
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Figure 2: a) AG01522 whole karyotype is stained by specific probes. False colors are assigned by software to each chromosome couple.  b) Details of 1-11 reciprocal translocations. c) Details of 5-8 reciprocal translocations.
Fixed metaphase spreads were hybridized with the 24X Human Multicolor FISH (mFISH) Probe Kit (MetaSystems, Altlussheim, Germany) following the manufacturer’s instructions. Briefly, slides were denatured in 0.07 N NaOH and then rinsed in 70-100% ethanol series. Meanwhile the probe mix was denatured in a MJ mini personal thermal cycler (Bio-Rad laboratories, Hercules, CA) with the following program: 5 min 75°C, 30 sec 10°C, and 30 min 37°C. Samples were then hybridized in a humidified chamber at 37°C for 48 h followed by one wash in 1X saline-sodium citrate (SSC) buffer for 5 min at 75°C and counterstaining with DAPI-containing Vectashield. Finally, metaphases were visualized and captured by CCD camera on Axio-Imager M1 microscope equipped with six filter sets specific for the used fluorophores. Karyotyping and cytogenetic analysis of each single chromosome was performed by means of the ISIS software (MetaSystems).
2.6
Classification of Chromosome Aberrations
Classification of chromosome aberrations was performed following the mPAINT system [14]. Each chromosome of a metaphase spread was carefully examined and identified on the basis of its unique fluorochrome profile. Aberrations were classified as acentric fragments not associated with an exchange, and exchanges, consisting in translocations, dicentrics and centric rings, produced by at least two chromosome breaks [15].

3.0
ReSULTS AND DISCUSSION

The aim of this work was to compare two different molecular cytogenetic techniques, q-FISH and m-FISH, in order to evaluate and compare their sensitivity in the low-dose range of X-ray exposure.
3.1
q-FISH

Data reported in the literature infer a relationship between ionizing radiation exposure and telomere length [16]. X-rays are supposed to be effective to shorten the chromosome caps by such a radio-erosion mechanism, both through indirect damage due to the chemical activity of water radiolysis products [17] and through direct damage. Other works have demonstrated a telomere elongation, both telomerase-dependent in lymphoblasts [18, 19] and telomerase-independent in fibroblasts [20]. The telomere homeostasis after ionizing irradiation exposure is still under investigation with conflicting results [21], and the radiobiological meaning of such telomere length variation  has not been clarified as yet. A set of data has been already gathered about  the telomere modulation effect in other fibroblast systems such as HFFF2 [13], and in our opinion fibroblasts are a good model because they are telomerase-negative, so that  at least this activity does not interfere in the response. This q-FISH investigation on telomere erosion was performed to check the possibility of plotting a dose-response chart in the low dose range (0, 0.1, 0.25, 0.5 and 1 Gy).
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Figure 3: AG01522 telomere length as evaluated at 24 and 48 hours after X-rays exposure: no significant modulation is induced by treatment.

Quantitative FISH analysis has been performed at two harvesting times, in two different runs for each, in order to check any telomere modulation 24 hours after exposure, as well as some possible delayed effect at 48 hours. Measurements of the telomere length in sham-irradiated samples display a %T/C ratio value approximately of 35% (fig. 3). With a good confidence level, data do not show any telomere length variation at both harvesting times and this evidence does not allow us to conclude that telomere length is a good exposure marker in the low-dose range.
3.2
m-FISH

Acentric fragments and dicentric chromosomes are unstable aberrations and are known to be largely lost during mitotic anaphase, so that their persistence in the cells decays with time in few cell generations [6]. Stable aberrations instead, such as balanced translocations primarily, are maintained in the subsequent generations and are detectable in the injured cell progeny [8]. Both stable and unstable aberrations can be markers of recent exposure, but just the stable ones can report past chromosomal RID. It is important to get a reliable basal value for both stable and unstable aberrations:  any however little increase in aberration frequency is suitable to report an adsorbed dose, as much as the spontaneous aberration frequency value is characterized with the least possible uncertainty. With this purpose, 500 control metaphase spreads have been analyzed to be compared with the irradiated samples (200 metaphase spreads per dose in two independent experiments).

Data are presented in Table 1 and show a good dose-dependent damage induction. To be noted that 4.4% of the control cells carries some kind of aberration: it is an expected rate for cultured fibroblasts at this PDL. Ionizing radiation leads to chromosomal breaks and, in turn, breaks give rise to acentric fragments and chromosomal translocations. Several aberration types have been considered, among which acentric fragments, and dicentric chromosomes report only recent exposures because of their rapid decay, while translocations report RID for a long time.
Table 1: m-FISH analysis in irradiated AG01522 fibroblasts.

	dose (Gy)
	cells scored
	breaks (%)
	dicentrics (%)
	fragments (%)
	translocations  (%)
	aberrant cells (%)

	0
	500
	26 (5.2)
	2 (< 0.1)
	18 (3.6)
	2(< 0.1)
	22 (4.4)

	0.1
	200
	24 (12.0)
	1(0.5)
	20 (10.0)
	1 (0.5)
	19 (9.5)

	0.25
	200
	31 (15.5)
	2(1.0)
	23 (11.5)
	2 (1.0)
	24 (12.0)

	0.5
	200
	40 (20.0)
	2(1.0)
	30 (15.0)
	3 (1.5)
	33 (16.5)

	1
	200
	88 (44.0)
	14(7.0)
	28 (14.0)
	15 (7.5)
	48 (24.0)
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Figure 4: Dose-response graphs for the four RID reporter aberration types analyzed in Tab 1.

The break  induction is quite linear with the dose (fig. 4a)  and saturation-like is the regression for aberrant cells frequency (fig. 4b). Linear-quadratic positive is the fitted function in this dose range for translocation (fig. 4c) and dicentric frequency. Linear-quadratic negative, instead, is the fitted function for fragments frequency (fig. 4d): the  hypothesis may be that as a function of dose, single fragments join each other proportionally with the square of their amount, and are consequently removed from the system. Table 2 illustrates for each aberration type the comparison test between control and irradiated sample values in order to test whether every aberration type is effective in reporting any damage increase.
Table 2: Statistical analysis of significance between aberration type values of the control and irradiated samples (Mann-Withney Rank Sum test  |z| ≥ 2.576 p ≤ 1 %) ; (χ 2 ≥ 6.635 p ≤ 1 %).
	
	Mann-Withney Rank Sum test (z)
	χ 2 test (χ 2)

	dose (Gy)
	breaks
	fragments
	dicentrics
	translocations
	aberrant cells

	0.1
	-3.154
	-3.374
	 
	 
	6.739

	0.25
	 
	
	
	
	 

	0.5
	 
	
	
	
	 

	1
	 
	 
	-5.275
	-5.509
	 


4.0
CONCLUSIONS

This work was aimed at testing the reliability of the q-FISH and m-FISH techniques in the low-dose range X-ray irradiation. In our experimental setting, data on telomere modulation showed q-FISH as totally ineffective in the low-dose range and consequently, this endpoint must be discarded. Conversely, the m-FISH was demonstrated to be a powerful approach because of the richness of information supplied by the simultaneous analysis of 23 chromosomes couples. Among the four aberration types investigated by m-FISH, fragments, breaks, and aberrant cell frequency are all very sensitive (threshold <0.1 Gy), but they are related just with the recent RID. The lower efficiency of the m-FISH approach to report long time RID by stable translocations, is not due to a technique failure but to the X-ray damage induction mode: exchanges frequency seemed to be approximately dependent on the square of the dose. Up to 0.5 Gy this kind of RID is quite negligible and almost impossible to demonstrate. In conclusion, this m-FISH work is to be considered a good trial of the cytogenetic approach updated to the latest innovative techniques. 
In addition, with regards to the experimental system, it should be pointed out that adherent growing cells are not lines which would let suppose a practical use of for bio-dosimetry, but are well suitable for the setup of molecular cytogenetic techniques. After this pilot experiment, it would be useful to test the same two techniques in lymphocytes for a comparison with the results of this study.
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