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INTRODUCTION

Fluorescence in situ hybridization (FISH) with chromosome- or region-specific
DNA probes ¡s being increasingly used in cytogenetic studies to detect aneuploidy
¡n ¡nterphase human cells [for review see (Eastmond and Rupa, 1995)]. This tech-
nique utilizes chemically modified DNA sequences (probes) which hybridize to dis-
tinct regions, often blocks of repetitivo DNA, located on specific chromosomes.
Hybridization with these probes in situ results ¡n the staining of a compact chro-
mosomal región which can be easily detected on metaphase chromosomes or wit-
hin ¡nterphase nuclei. The number of chromosomes within a given cell is then deter-
mined by counting the number of hybridized regions. Where conventional cytoge-
netics is limited to actively proliferating cells or those which could be stimulated to
divide in vitro such as peripheral blood lymphocytes, FISH studies with centrome-
ric probes can be conducted on interphase cells, significantly ¡ncreasing the types
of cells and tissues available for analysis (Eastmond and Pinkel, 1990; Pinkel, et al.,
1986).

However during interphase FISH, the actual chromosomes are not visible so that
hybridization and cellular artifacts can give misleading results (Eastmond, et al.,
1995). For example during interphase analysis using a single probé, cells contai-
ning 3 or more hybridization signáis (called hyperdiploid cells) cannot be distin-
guished from those diploid cells in which one of the regions targeted by the DNA
probé contains a break, translocation or inversión (Eastmond and Rupa, 19§5).
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This can be a particular problem when using probes that target the pericentric hete-
rochromatic regions of human chromosomes 1, 9 and 16. A number of studies
have shown that these regions often exhibit elevated frequencies of breakage follo-
wing treatment with mitomycin C, triethylenemelamine and other clastogenic agents
(Aurias, 1993; Brogger, 1977; Meyne, et al., 1979).

To overeóme this limitation, we have recently developed a multicolor FISH appro-
ach which uses adjacent or tándem probes to differentiate between hyperdiploidy
and breakage affecting the centric/pericentric regions of chromosomes 1, 9 and 16
in interphase human cells (Eastmond, et al., 1994; Hasegawa, et al., 1995; Rupa,
et al., 1995; Schuler, et al., 1998). The objective of this paper is to briefly describe
the tándem label FISH technique, provide an overview of our studies applying this
approach in vitro using model aneuploidy-inducing and clastogenic compounds,
and briefly review the published in vivo studies in which the tándem label technique
has been used to assess chromosomal alterations in human populations.

HYBRIDIZATION STRATEGY AND PROBES

As indicated above, we developed a multicolor FISH approach using two adja-
cent or «tándem» probes to distinguish hyperdiploidy from breakage affecting the
targeted chromosomal región. The principies underiying this tándem label strategy
are illustrated in Figure 1. The pericentric heterochromatin región which is large and
prone to breakage is labeled using a classical satellite probé. An adjacent centro-
meric región which is smaller and less prone to breakage is labeled using an alpha
satellite probé. Typically we have labeled the classical satellite probé with a Texas
Red or Cy3 red fluorochrome and the alpha satellite probé with a yellow-green fluo-
rescein label. Hybridization regions that contain both the alpha (yellow/green) and
the classical satellite (red) signáis are scored as one intact copy of the chromoso-
me. A nucleus containing 3 or more intact copies of a chromosome are considered
hyperdiploid. Since probes for only one chromosome are used ¡n this approach, the
hyperdiploid cells identified in this assay represent both cells hyperdiploid for chro-
mosome 1 as well as polyploid cells. A cell containing a sepárate red classical sate-
llite región in addition to íwo intact red and green chromosome regions ¡s scored as
a cell with a break within the heterochromatin. A cell with a clear separation betwe-
en an alpha and classical satellite regions is scored as a cell with a break between
the two regions.

To date, we have developed tándem probes for centromeric regions of human
chromosomes 1, 9 and 16 (Hasegawa, et al., 1995; Rupa, et al., 1995; Schuler, et
al., 1998). Some of these probes such as the classical satellite probes for chro-
mosomes 1 and 9 can be obtained commercially orthrough repositories (see above
references for sources). In addit'nn, these and the alpha satellite probes can be
generated by PCR from genomic DNA isolated from hámster/human hybrid cells
containing individual human chromosomes in a hámster background (Hasegawa, et
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Figure 1. Hybridization strategy using adjacent or tándem probes to detect
chromosome breakage and hyperdiploidy in metaphase and interphase cells.

[adapted from Rupa et al., 1995, with permission].
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al., 1995; Schuler, et al., 1998). The unlabeled probé DNA ¡s trien labeled by PCR
and PCR/nick translation procedures using modified nucleotides.

The probes for chromosome 1 are immediately adjacent to each other and tend
to be provide the best combination of sensitivity and ease of scoring. While breaks
¡n the breakage-prone heterochromatin of chromosome 9 can be detected using the
tándem 9 probé combination, the current probes are challenging to hybridize simul-
taneously which makes slide hybridization and scoring more difficult. In addition,
there is a small beta satellite-containing región between the classical and alpha sate-
llite sequences on this chromosome which increases the difficulty of scoring breaks,
particularly those occurring between the probes. The targeted regions on chromo-
some 16 are the smallest and, as a result, this probé combination tends to less sen-
sitive at detecting breakage induced by most clastogens. Since differences exist bet-
ween the heterochromatin sequences of the various chromosomes, occasionally one
probé combination will be more effective at detecting breakage than the others [For
example, see (Smith, et al., 1998)]. Howeverfrom our experience, many of the dif-
ferences that are seen between chromosomes are the result of probé and hybridiza-
tion differences, probé visibility, and spatial organization within the interphase
nucleus ratherthan chromosome-specific effects (Eastmond, etai., 1995).

IN VITRO STUDIES WITH GENOTOXIC AGENTS

The effectiveness of the tándem labeling approach in detecting structural aberra-
tions affecting the 1q12 región was determined by comparing the frequency of bre-
akage detected in the targeted región ¡n metaphase and ¡nterphase lymphocytes
following in vitro exposure to ionizing radiation (Rupa, et al., 1995). The results of
this study are presented ¡n Table 1. Breakage events in the metaphase cells were
classified as those which should have been detectable in interphase cells («definite»
interphase breaks) and those which might have been visible («possible» interphase
breaks). Aberrations classified as «possible» interphase breaks consisted primarily

Table 1. Frequency of cells exhibiting breakage within the 1cen-1q12 región of
chromosome 1 in cultured interphase and metaphase human lymphocytes treated with

ionizing radiation (300 cGy) in vitro.

Untreated Irradiated

"Interphase" Aberrations
Definite"
Possible"
Total Cells

Interphase

4
-

4000

Metaphase

0
0

4001

Interphase

71
-

4000

Metaphase

69
31

4046

aTable adapted from Rupa et al. (1995).
^Tríese are aberrations observed during metaphase which were judged to be definitely or possibly detec-

talble during interpahse analysis. (See text for additional description.)
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of breaks within the targeted región but where the acentric fragment was not pre-
sent in the metaphase cell. In the untreated cultured cells, the írequency of brea-
kage in the interphase cells was 1%o which did not differ significantly from that
observed in the Colcemid-treated metaphase cells (0%o). The írequency of 1q12
breakage detected in the interphase lymphocytes (18%o) irradiated in culture with
300 cGy was similar to the frequency of «definite interphase breaks» (17%0) detec-
ted in the metaphase cells but sornewhat lower than the frequency of combined
«definite» plus «possible» breaks (25%o). These results indicated that ¡nterphase
analysis accurately identified the majority (70 to 100%) of the breakage events indu-
ced within the labeled región. A similar study using the tándem probes for chromo-
some 9 also showed comparable breakage frequencies for the labeled interphase
and metaphase cells (Hasegawa, et al., 1995).

The ability of this multicolor FISH assay to detect structural and numérica! abe-
rrations involving chromosome 1 and the 1q12 región was determined in a series
of experiments in which cultured human lymphocytes were treated with various
clastogenic and aneuploidy-inducing agents in vitro (Rupa, et al., 1997b; Schuler,
et al., 1998). The results of these published and unpublished studies are shown in
Figure 2. As can be seen ¡n the Figure, in cultures treated with the aneuploidy-indu-
cing agents, colchicine (COL, 0.075 uJVI), vincristine sulfate (VIN, 0.06 uM),
diethylstilbestrol (DES, 30 jiM) and estradiol (E2, 75 uM), the majority of the cells
with múltiple hybridization regions exhibited the pattern indicative of hyperdiploidy
for chromosome 1. In contrast, the cells treated with the potent clastogens, ionizing
radiation (RAD, 300 cGy), mitomycin C (MMC, 0.3 iiM), melphalan (MEL, 5 iiM),
etoposide (ETOR 0.2 }iM), diepoxybutane (DEB, 20 ¿iM), exhibited a pattern con-
sistent with breakage within or between the labeled regions. Three agents, sodium
arsenite (ARS, 9 ¡aM), hydroquinone (HQ, 100 jiM) and epoxybutene (EB, 300 ¡aM),
gave more modest results with weak, but significant, increases in both hyperdi-
ploidy and brea-kage being seen for both arsenite and hydroquinone (p<0.05). Alt-
hough slightly elevated, neither the increase in breaks or hyperdiploidy seen with
epoxybutene was significant when compared with its concurrent controls (breaka-
ge frequencies were 5%o vs. 3%o, respectively; p>0.05).

Individual controls were performed for each set of the experiments and the analy-
ses were based upon comparing each treatment group with its concurrent control.
For simplicity, the results for the controls nave been pooled in Figure 2. In these
interphase analyses, the frequencies of hyperdiploidy for chromosome 1 ranged
from 0%o to 4%o with an average frequency of 1.2%o. The breakage frequencies
varied from 1 %0 to 5%o with an average frequency of 2%o.

In addition to the above studies which were conducted on cultured lymphocytes,
a second series of studies was conducted to determine whether cell culture was
required for breakage to be detected using the tándem assay (Rupa, et al., 1997a).
The ability to detect chromosome breakage in non-dividing cells could be valuable
for human monitoring studies as most of the cells ¡n the body would not be dividing
at the time of exposure or sampling. To address this question, whole blood'obtai-
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ned from male donors was exposed in vitro lo O to 400 cGy of ionizing radiation.
Aliquots containing granulocytes and Go lymphocytes from each dose were har-
vested at various times. In addition, aliquots were also cultured in the presence of
PHA and harvested at 48-51 hr of culture. One aliquot was harvested directly for
interphase analysis and another was harvested following a 3 hr treatment with col-
cemid for metaphase analysis. High frequencies of breakage approaching 80%0 for
the 400 cGy dose were seen shortly after irradiation in both the granulocytes and
the lymphocytes. Repair occurred rapidly with the frequency of breakage declining
by approximately 55% within the first 2 hours. The breakage frequencies detected
in the granulocytes and Go lymphocytes at the end of the rapid repair phase (~3
hrs post irradiation) were very similar to those observed in the metaphase and
interphase preparations of the cultured lymphocytes indicating that unrepaired
damage could persist for relatively long periods in a cell.

The results of these studies indicated that the tándem label assay can be effecti-
vely used to detect agents inducing hyperdiploidy of chromosome 1 and breakage
affecting the 1 q12 región. In addition, these studies demonstrated that cell culture was
not required for breaks to be detected ¡n this assay. Indeed, high frequencies of
breaks were detected almost immediately following irradiation with the majority of the
damage being repaired quite rapidly. However, ¡t has been shown by Surralles and
associates that repair in the chromosome 1 heterochromatin can be much slower
than that occurring in the euchromatin and that this may contribute to the high fre-
quencies of breakage detected by the tándem assay following exposure to some
clastogenic agents (Surralles, et al., 1997). Although most of the clastogens tested to
date have induced breakage affecting the heterochromatin región, clastogens which
selectively damage euchromatic áreas or where the heterochromatin damage is
rapidly and efficiently repaired would probably not be detected using only this assay.
As a result, this approach would have limited usefulness as an in vitro screen for
genotoxic agents. However the ability of the assay to detect aberrations in both divi-
ding and non-dividing interphase cells, indicates that this approach may be a powerful
tool for detection of genetic alterations in human populations, particularly those expo-
sed to clastogens known to induce breakage in the heterochromatin regions.

TÁNDEM LABEL STUDIES IN HUMAN POPULATIONS

Overthe past several years, a number of in vivo studies have been conducted to
determine the ability of the tándem FISH approach to detect alterations in chemically
exposed human populations. A summary of the various studies published to date is
presented in Table 2. Studies have been conducted using cultured and non-cultured
lymphocytes, polymorphonuclear leukocytes (PMN), sperm and oral mucosal cells.
The majority of the studies have utilized the probes for chromosome 1 although the
tándem 9 probes were used in one study of benzene-exposed Estonian refinery
workers.
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The initial study, conducted by Rupa and associates in the Guntur región of India,
was based upon previous research by these investigators in which they had shown
that pesticide applicators in this región exhibited elevated levéis of structural chromo-
somal aberrations and polyploidy when evaluated using conventional cytogenetic
analyses (Rupa, et al., 1991a). In a follow-up study using the tándem assay, investi-
gators from our laboratory assessed the frequency of hyperdiploidy and 1q12 breaks
in the cultured lymphocytes of 26 cotton field pesticide applicators and compared
them with those detected in the cells of 19 non-pesticide workers from the same
village (Rupa, et al., 1995). Significant increases were seen at both endpoints. The fre-
quency of hyperdiploidy increased from 2%o in the controls to 3%o in the exposed.
Additionally, 1q12 breakage ¡ncreased from 2%o in the controls to 5%o in lymphocy-
tes from the applicators. This study demonstrated that the tándem label assay could ^
be used to detect chromosome alterations in the cultured lymphocytes of humans
exposed to certain genotoxicants.

As part of their earlier studies, Rupa and associates interviewed the wives of over
1000 applicators and controls from this agricultural región and found that the wives
of the pesticide applicators exhibited increased incidences of reproductive
dysfunction including infertility and spontaneous abortions (Rupa, etal., 1991b). To
investígate the potential contribution of chromosome alterations transmitted through
the sperm to these effects, multicolor FISH using the tándem probes for chromo-
some 1 was used to determine the frequencies of breakage and hyperploidy affec-
ting the 1cen-1q12 región in the sperm of 21 workers and 18 controls from this
región. Significant increases in the frequency of sperm exhibiting 2 copies of chro-
mosome 1 (~2-fold) as well as breakage affectingthe 1cen-1q12 región (~9-fold)
were seen in the samples obtained from the applicators as compared to the con-
trols. These observations that both hyperploidy/polyploidy and breakage occur at
increased frequencies in the sperm of pesticide-exposed workers support the
hypothesis that chromosomal alterations occurring in the sperm of the father can
contribute to adverse reproductive performance.

The utility of this FISH assay to detect breakage in buccal mucosa! cells was also
demonstrated by comparing the frequencies of 1q12 breakage and hyperdiploidy in
oral cells obtained from the mouths of 19 Indian betel quid chewers and compared
to that of 23 non-chewing controls (Rupa and Eastmond, 1997). The frequency of
breakage increased from a median of 0%o in the controls to 2%0 in the chewers. The
frequencies of hyperdiploidy were very low with a median of 0%o for both groups.
However, an ¡ncrease in hyperdiploidy with time was seen in those individuáis who
had chewed quid for many years. Interestingly, a Significant correlation between
breakage and duration of chewing was seen, suggesting that the tándem assay was
detecting stable alterations such as translocations and inversions that had occurred
in the oral stem cells. In a second more recent study published by Ramírez and
associates, the frequency of alterations in the oral mucosal cells of patients with
hyperthyroidism and thyroid cáncer was assessed with samples taken prior to
treatment with 131lodine and 3 to 4 weeks following treatment (Ramírez, et al.,
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1999). No differences in the frequencies of hyperdiploidy or breakage were seen.
However, ¡t should be noted that due to the highly selective accumulation of
131 lodine in the thyroid gland, it is likely that the dose received by the buccal cells
was not sufficiently high or prolonged to result in detectable effects.

An additional study was undertaken by Au and associates in which the frequency
of 1q12 breakage and hyperdiploidy 1 was determined in peripheral lymphocytes of
lung cáncer patients, smoking and non-smoking controls (Conforti-Froes, et al.,
1997). No differences in hyperdiploidy between the groups were seen, with a pooled
frequency of 1.5%o being reported. The frequencies of breakage for the 3 groups
averaged 14%0, 12%o and 4%0> respectively. The frequency of breakage among the
smokers (combined cáncer patients and smokers) was significantly elevated as
compared to the non-smoking controls. In addition, a significant correlation between
duration of smoking and breakage frequency was seen for the lung cáncer patients.
The frequency of breakage in the cáncer patients also appeared to be significantly
influenced by the glutathione-S-transferase genotypes, with those possessing one or
more non-functional alíeles having higher levéis of breakage than patients possessing
both alíeles for GSTT1 and GSTM1.

In a joint study involving several groups of European investigators and those at
the University of California, Riverside, the tándem label approach was used to
detect chromosome alterations in the blood cells of benzene-exposed workers,
cokery workers and rural controls from a shale oii petrochemical facility in Esto-
nia (Carere, et al., 1998; Marcon, et al., 1999). Analyses were performed using
the tándem 1 probes on blood smear polymorphonuclear leukocytes, Go lym-
phocytes and 48 hr cultured lymphocytes. In addition, analyses on the 48 hr cul-
tured lymphocytes were also performed using the tándem 9 probes. For all sam-
ples, the frequencies of hyperdiploid cells were very low and no differences were
seen between the 3 groups. For the blood smear PMN and Go lymphocytes, the
1q12 and 9q12 breakage frequencies among the 3 groups did not differ signifi-
cantly, although the valúes among the benzene-exposed group tended to be
higher. A modest but significant increase in 1q12 and 9q12 breakage was seen
among the benzene-exposed workers. The frequency of 1q12 breaks increased
from 2%0 in the controls to 6%o in the benzene workers. A similar increase in
breaks at 9q12 from 6%o in the controls to 10%o in the benzene workers was seen
in the tándem 9 analyses. Interestingly, a good correlation was seen between the
breakage frequencies reported for the two chromosomes, in spite of the fact that
the hybridizations were performed for different chromosomes, using different
probes and scored independently ¡n two different laboratories.

These studies have demonstrated the tándem FISH approach can be used to
detect chromosomal alterations in humans exposed to genotoxic agents. In five of
the six human studies published to date, significant increases in breakage or hyper-
ploidy were detected in the exposed group using the tándem assay. This is encou-
raging considering that the studies were conducted using a variety of cell types by
a number of research groups in different countries. However, most of these studies
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have been conducted on highly exposed populations. As additional studies are con-
ducted on groups with iower exposures and exposed to difíerent agents, increasing
numbers of negative studies will be reported. We have recently completed a couple
of studies on highly exposed benzene workers in which weak or no increases in
alteraticns were seen using the tándem label approach (Eastmond et al., unpublis-
hed results). In this instance, the tándem FISH assay appears to be inefficient in
detecting benzene-induced genotoxic effects. Similar results will undoubtably be
seen with other types of genotoxic agents.

In summary the multicolor FISH using tándem DNA probes has been shown to
be a useful technique for detecting chromosomal alterations in human cells. The
ability of the assay to detect breakage and hyperdiploidy in interphase cells expands
the range of cell types that can be evaluated for genotoxicity and used for human
biomonitoring. In addition, the sensitivity of the targeted heterochromatin regions to
breakage induced by various ciastogens indicates that this approach may prove
particularly valuable for detecting damage in humans exposed to these chromoso-
me-breaking agents.
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