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INTRODUCTION

The development of Molecular Cytogeneticshasin-
creased considerably since Pinkel et al. (1986) described
for the first time the fluorescence in situ hybridization
(FISH) technique. FISH allowsthe identification of spe-
cific sequences in a structurally preserved cell, either in
metaphase or interphase (Poddighe et al., 1991).

Thetechnique, based on the complementary double-
stranded nature of DNA, consists in the hybridization of
labeled specific DNA fragments (probe) on chromosome
spreads or tissue sections. The probe can belabeled with a
reporter moleculewhich is detected using fluorochrome-
conjugated antibodies. Since it is extremely difficult to
obtain mitotic cells from some specimens, it is also pos-
sibleto apply FISH techniquesto interphase cells.

Although FISH is still used principally in research
(Cornforth et al., 1989; Mihlmann-Diaz and Bedford,
1993, 1994; Gray et al., 1994; Geard and Jenkins, 1995),
diagnostic applicationsareincreasing steadily (Klinger et
al., 1992; Beverloo et al., 1995; Tucker et al., 1995). New
diagnostic applications are being added to the current ex-
tended research use; particularly, aneuploidiesand malig-
nancieswhich are easily detected by FISH.

Due to the fact that, chromosomal abnormalitiesin
tumorsaredifficult to classify, the technique of compara-
tive genomic hybridization (CGH), a competitive FISH,
allows oneto determine complete and partial chromosome
gainsandlosses(Kallioniemi et al., 1992; duManoir et al .,
1993). CGH results will thus alow the classification of
many tumor cell linesand together with other complemen-
tary techniques such as microdissection-FISH and primed
insitu hybridization will increase the possibility to select
appropriate treatment for cancer patients.

When the improvements in cytogenetic techniques
seemed to have reached a plateau, acombination of cyto-
geneticsand molecular biology gaveriseto FISH, opening
considerable new research opportunitiesin thefield.

Themain reasonsfor thiswere:

1 - It opened the possibility of obtaining cytogenetic re-
sults on interphase cells. This was not possible to
achieve prior to FISH techniques;

2 - Thecolor images obtained are easy to analyze;

3 - Since DNA isavery stable molecule, it ispossibleto
study archived material and paraffin-embedded tissues;

4 - |t can a so be combined with other cytogenetic and mo-
lecular techniques, improving the results obtained.

FI SH techniques are extensively used in many fields,
such as radiation biology, somatic cell genetics, prenatal
and postnatal diagnosis, aswell as preimplantationa stud-
ies. However, other fieldslike microbiology, ecology and
evolution arestill relatively unexplored. The development
of probesfor animal research models and for specific di-
agnosis in species of agricultural and animal economic
importancewill provide many new applicationsof molecular
cytogenetics.

BRIEF DESCRIPTION OF APPLICATIONS
Radiation-biology

Inthisfield, radiation effectson living organismsand
how different conditions and parameters can modify the
final outcome are studied. The purpose of these studiesis
to be able to predict and prevent radiation damage, opti-
mizing radiation usage and maximizing benefitsfor human
beingsand the environment.

FISH has been one of the latest methodol ogies used
inthefield of radiation biology, bringing many new insights
into the study of mechanism of aberration production in-
cluding initial chromosome damage and therepair systems
involved (Cornforth et al., 1989; Mihlmann-Diaz and
Bedford, 1993, 1994, 1998; Folle et al., 1998), radio-
biodosimetry (Edwards, 1997; Tucker et al., 1997) and pre-
dictiveassays(Coco-Martinet al., 1994).

Radiation-induced aberrationsis one of the param-
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etersanalyzed after nuclear accidents. Inthisway, itispos-
sibleto estimate therisk that the victimswill haveto con-
front and to take preventive measures accordingly. Chro-
mosomal aberrations produced by radiation can be sym-
metrical or asymmetrical. The asymmetrical type aberra-
tions (those which have an acentric fragment such as di-
centrics, intergtitial deletionsand asymmetrica exchanges)
arelethal for the cells. Acentric fragments cannot attach
tothe spindlein mitosisand are usually lost, so cellscar-
rying themwill lack genetic information and will be elimi-
nated from the cell population after afew post-irradia-
tion generations. On the other hand, symmetrical type ab-
errations also decrease in the generationsfollowingirra-
diation, but since they do not carry an acentric fragment,
they can survive asaclonein bone marrow, alowing their
detection many years after radiation exposure (L ucas et
al., 1992).

In cases of whole body irradiation, the exposure can
be estimated through the analysis of the aberration fre-
guency. The chromosomal aberration frequency obtained
using probesfor just afew chromosomes can be extrapo-
lated in order to determine whole chromosome frequency
of exchanges (Gebhart et al., 1996).

Radiation isalso used for medical purposesanditis
not uncommon to find patientswho overreact to standard

protocols. On the other hand, some tumorsare highly re-
sistant to radiation therapy. Thefrequency of chromosomal
aberrations after tumor irradiation in vivo has been reported
as atool to distinguish tumor sensitivity or resistance to
radiation. A noninvasivetechnique, which meansaberration
scoring on peripheral blood, isbeing developed in order to
try to detect possible overreactions in patients that need
radiotherapy. The same system is used to detect cancer-
prone patients. For these studies, aberration scoring with
solid Giemsa stai ning does not seem to have enough sensi-
tivity. Some researchers are trying to adjust this method
with FISH painting, which hasalready been used in tumor
cells (Coco-Martin et al., 1994).

Somatic cell genetics

Genetics of somatic cellsallow usto study features
related to chromosometopol ogy, nuclear structureand gene
mapping (Sachset al., 1993) aswell asdifferent malignan-
ciesand abnormalitiesrelated to cancer in hematological
aterations and solid tumors (Siebert and Weber-Mat-
thiesen, 1997).

Chromosomal aberrations are found in cancer and
tumor cell lines. Some of them were already characterized
and correlated with specific syndromes (Tables | and 1)

Tablel - Hematological cancers.

Pathology Detectable anomaly Application
Chronic myelogenousleukemia Translocation 9;22 Diagnosis
Acute myeloid leukemia BCR/ABL genes
Trisomy 8 Prognosis
Trisomy 19
Trisomy 21
Iso (17q)
Chronic myelogenousleukemia Trisomy 8 Prognosis
Acutelymphocytic leukemia 8(p11.1-g11.2) Myeloid blast crisis and
Myeloproliferative disorders basophilia
Myelodysplastic syndromes
Chroniclymphocyticleukemia
Polycythemiavera
Acutelymphocytic leukemia Deletion 5931 Prognosis
Therapy-related chronic myelogenous ERG-1
Leukemia
Myelodysplastic syndromes
Acute promyel ogenousleukemia (APL) Translocation 15;17 Diagnosis
PML/RARA Prognosis
3'RAR/5RARA Early chemotherapy in
APL iscritical.
Myelodysplastic syndromes 7931 Follow-up
D 75486
B-cells chronic lymphocytic leukemia Deletion 13q Prognosis
D1352513q14.3 Therapy resistance
P53Deletion 17p13.1
Childhood B cell Translocation 12;21 Prognosis
Acutelymphocytic leukemia TEL/AML1 MRD checking
Chroniclymphocytic leukemia Trisomy 12p11-g11 Prognosis
Acute lymphoblastic leukemia Isochromosome 17 Myeloid blast crisis and

Follow-up in bone marrow transplant 17911-gq12
Minimal residua disease (MRD)

Basophilia
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Tablell - Solidtumors.

Pathology Detectable anomaly Application
Retinoblastoma RB1gene: 13914 Diagnosis
D13525
Breast cancer Deletion 7931-D75522 Prognosis
Amplification 17q11.2q12 Therapy
Her-2/neu resistance
Amplification 8924.2-924.3
Oncogene c-Myc
Amplification 20g13.2
Amplification
11913
Neuroblastoma Amplification N-myc Prognosis
2p23-p24 Evolution
Colon carcinoma Deletion 1314 Diagnostic
prognostic
Osteosarcoma RB-1 Treatment
indicator
Recurrent pros- Amplification Xg12 Diagnosis-
tate tumors Prognosis
Androgen receptor locus Treatment
indicator

and some have yet to be characterized with aclinical out-
come. The continuous input of information and reports
connecting clinical and biochemical datawith chromosomal
and genetic datawill increase the list of known genesin-
volvedin each malignancy. The great advantage of molecu-
lar cytogenetic techniquesin these casesisthe possibility
to study interphase cells. A good exampleisthe amplifica-
tion of the Her/2 neu oncogene. About 30% of breast tu-
mors (and other tumors) exhibit amplification of this
oncogene. Thesetumorshave abad prognoss, becausethey
usually do not respond to the regular chemotherapeutic
protocol and are very aggressive in the patient. The
oncogene encodes for a membrane growth factor recep-
tor. A humanized antibody against the specific receptor,
which improves the condition of these patients consider-
ably, hasrecently been approved by the FDA. Thisisatypi-
cal example of how we can employ interphase cytogenet-
icson archived paraffin-embedded tissues.

Chromosometrisomy involving chromosome 12 isa
common feature of someleukemias (Cuneo et al., 1997).
FISH with centromere probes allows us to count enough
cells to carry out statistical scoring in interphase cells,
making the study of minimal residual disease much faster
and less demanding that the study of metaphase cells by
classical karyotyping.

Advanced molecular cytogenetics
appliedto neoplasias

Interphase cytogeneticsisindeed very useful when
we know what we are looking for. However, genetically

unstable solid tumors pose adifferent problem. After the
initial mutation some tumors become unstable and soon
exhibit awiderange of different chromosomal aberrations.
In these cases, CGH becomesavery useful tool.

CGH isbased on acompetition between normal cell
DNA and atumor test DNA that allows usto detect dele-
tions or amplifications pertaining to the whole tumor cell
population. Although CGH is not able to detect balanced
trandocations, itisavery useful tool becauseit allowsone
to recogni ze unbal anced aberrations, acommon feature of
thewholetumor (Hermsen et al., 1996).

Homogeneously stained regions (HSR) and double
minutes (DM) areforms of DNA amplification that appear
in some types of malignancies. Microdissection of chro-
mosomes and subsequent probe development (Xu et al.,
1996) allows usto map the origin of HSR or DM. By de-
veloping a probe from those microdissected regions we
canuseanormal cell asatarget and determinefromwhich
chromosome region theamplified DNA comesfrom.

Hereditary genetics

Includes syndromes that can be transmitted or that
devel op spontaneously during conception or embryogen-
esis.

Prenatal testing

The fact that FISH allows us to perform interphase
cytogenetics makesit suitable for rapid prenatal diagno-
sis. Specific probes can be used for the most common al-
terations, providing afast result while standard cytogenetic
studiesare till in process. Furthermore, the probability of
detecting mosai cismsincreases since both metaphases and
interphases areincluded in the scoring (Perandoneset al.,
1998).

Postnatal, microdeletion syndromes

Asmentioned before, thereisno methodol ogy avail-
ablethat can resolve all cases. Some syndromes and mu-
tated specific loci can be detected or diagnosed by PCR,
but in caseswhereamicrodel etionisinvolved, PCR isnot
useful since quantitative PCR is more complicated. Spe-
cificlocus FI SH probes can answer this problem. Inthese
cases, we have one chromosomein which onelocusisde-
leted and the other isnormal. Classical cytogenetics can-
not detect these deletions because they correspond to
microdeletions of afew hundred base pairs (Tablelll).

Preimplantational genetics

Some phenotypically normal persons can carry bal-
anced trand ocations or other typesof chromosomal aberra-
tions. Itisusualy difficult for them to have offspring, or if
they do often their children have serioushealth problems. In
other cases, the abnormalities are spontaneous but parents
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Tablelll - Microdel etion syndromes.

Syndrome Locus

Prader Willi/Angelman 15q11-g13//15p11.2//
150922 SNRPN and D15S10

Williams syndrome (el astin gene) 7011.23/7931

Kallman'sregion Xp22.3KAL

Cri-du-Chat D5S235p15.2

Steroid sulfatase Xp22.3STS

Smith-Magenis 17q11.2

Miller-Dieker 17p12.3

Wolf-Hirschhorn 4p16.3

areafraid to repeat abad experience and they ask for prena-
tal testing. In any case, thelong wait necessary with conven-
tional cytogeneticscausesalot of anxiety that could bemini-
mized by means of molecular cytogenetic techniques.

AsFISH canbeperformedinasinglecell, preimplan-
tation diagnosisis possible. Knowing a priori what weare
looking for, acombination of centromere probes can beused
to detect aneuploidies (Coonen et al., 1998). When thefe-
mal e carriesthetrand ocation, pre-|CSl determination of the
quality of the oocyte can be ascertained by analysis of the
polar bodies (Verlinsky et al., 1998). If themale carriesthe
trandocation, studies on the digunction of the sperm can
determinethe probability that asingle spermisnormal.

Other lessdevel oped applications of FISH but witha
promising future are:

Microbiology

Thisareais perhapstheleast devel oped, but further
illustrates the multiple uses of FISH (Pillai, 1997). Diag-
noses of the presence of certain viruses have been made
using probesfor specific DNA of the studied agent.

Ecology

Chromosomal aberrationsare an endpoint for genetic
damage. Radiation by itself or potentiated by other con-
taminants can cause slight genetic damage (Ulsh et al.,
2000) and this might not be phenotypically expressed.
However, atranslocation may decreasethe pregnancy rate
and this, in turn, could slowly decrease the population
growth of some speciesin the contaminated area. People
living in the surrounding areas might a so beinvolved and
theinduced damage could not only affect their livesinthe
long run but also in future generations.

Evolution

During the evolutionary process, some chromosome
structures are conserved while others areinvolved in in-
terchanges. FISH can show that related species not only
have common genes but al so share chromosome regions
(Wienberg and Stanyon, 1997).

Agricultural and farm animal economy

Chromosomal aberrationswerefirst analyzed only by
banding techniques. Classical cytogeneticsisbased on spe-
cies-specific bandsin order to determine the chromosomal
exchangesthat lead to aberrations. Thetrainingto analyze
banding patternsisindeed hard since every specieshasits
own banding pattern that the technician should interpret
precisely. Moreover, in many species banding techniques
do not work properly. This aspect, added to the fact that
thereisnot alwayssufficientinformationintheliterature,
makesit difficult to make a correct classification of chro-
MOSOMES.

PAST, PRESENT AND FUTURE

Onceaspecificlabeled DNA probeisavailable, FISH
becomes the technique of choice. That isthe reason why
FISH has been so useful in different fields (Nkongolo et
al., 1993; Goldammer et al., 1999).

Molecular cytogeneticshasgonealong way inashort
time. Efficiency and sensitivity haveimproved by combin-
ing methodol ogies. The FDA hasaready approved some
of diagnostic tests and more are under study for their ap-
proval. However, many probes still need to be devel oped
for specific human genes and chromosome fragments as
well asfor nonhuman species.
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